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Abstract 
The motivation for this study came from the variation of deep convection during the 
anomalous climatological events known as El Nino/Southern Oscillation (ENSO). 
Various environmental variables, mainly sea surface temperature (SST), wind and 
precipitation affect various stages of the convection process. Despite the considerable 
work that has been done in this area, there are gaps in our knowledge of deep 
convection and its relationship to SST. 
The study encompassed an area from 70°E to 180°E and from 45°S to 45°N, but 
concentrated on the tropical region which is considered to be of primary importance to 
the development of ENSO events. The data sets used consistd of satellite-derived SST 
fields, wind fields from Australian Bureau of Meteorology, precipitable water vapour 
from NOAA/TOVS and outgoing longwave radiation (OLR), all for the period 1984 to 
1986. This period lies between the 1982/83 and 1986/87 ENSO events, and therefore 
provides information on the character of convection prior to and at the early stages of 
the 1986/87 event. 
The annual variation of SST, wind, OLR and \precipitable water were mapped during 
the study period. A wind divergence analysis at 200 mb revealed a zone of 
convergence over northern Australia from June to November. Over the ocean, the 
maximum convection is generally located west of the SST warm centre, and 
convection follows changes in the location of the warm centre. A conceptual model 
relating OLR to SST and upper level wind divergence has been developed. It 
successfully explains the relationship between these three variables, especially above 
the threshold temperature of 27.5°C, and points to the importance of upper level 
divergence in the development of deep convection. 
.‘11, 
Some interesting features were found to be related to the 1986/87 ENSO event. A 
positive SST anomaly developed over the tropical mid-Pacific during the study period. 
By contrast a negative anomaly developed simultaneously over the south Indian Ocean 
west of Australia. Evidence of a weak convection signal, much before the ENSO 
anomaly was fully developed, was observed in the Philippines Sea region from May 
1986 onward. 
iv 
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Chapter 1. Introduction 
1.1 Motivation 
Disastrous climatic events associated with droughts in the Australian region have been 
related to the El Nino/Southern Oscillation (ENSO) phenomenon (Horel and Wallace, 
1981; Philander, 1983). Various researchers (Rasmusson and Carpenter, 1982; Gill 
and Rasmusson, 1983; Lau and Chan, 1985, 1986a, 1986b; Knutson et al., 1986; 
Ardanuy and Kyle, 1986; Ardanuy et al., 1987) have reported an eastward movement 
of the centre of deep convection in the atmosphere from the Indonesian region to the 
mid-Pacific during an El Nino year. The western Pacific Ocean plays an important role 
in this process because the western branch of the Walker Circulation rises here and thus 
forms a large-scale convection centre while the warm pool with greater than 28°C water 
enhances the latent heat flux. 
With the increasing understanding of the important role played by the tropical ocean in 
the development of ENS 0, an international program, the Tropical Ocean Global 
Atmosphere Program (TOGA), has been organized to integrate research in this area 
(World Meteorological Organization, 1985) The TOGA Programme is a specific 
project within the World Climate Research Programme (WCRP), and its 
implementation is an essential part of achieving the overall objectives of the WCRP. 
The TOGA programme recognized the importance of the western ,Pacific by 
establishing the Coupled Ocean Atmosphere Response Experiment (COARE) (Lukas 
and Webster, 1988). COARE recognises the western Pacific as a very active source 
region of equatorial waves in the ocean. The meteorology is also important on both a 
global and regional scale. The warm water regions are the largest and strongest heat 
sources for the atmosphere on the globe. Since the sensitivity of the atmosphere in 
regions of warm sea surface temperature is principally a Clausius-Clapeyron effect, 
2 
small changes in the warm moist structure of the western and central Pacific Ocean, 
such as occurring during ENSO phenomena, have a profound effect on the atmospheric 
structure simply because of this nonlinear relationship between the saturation vapour 
pressure and temperature of the underlying ocean. That is, small changes in the 
boundary forcing may invoke very large changes in the atmospheric heating. 
In terms of air/sea heat exchange, the sensible and latent heat convective fluxes form an. 
important source of heat release to the atmosphere. Once in the atmosphere, moisture 
may condense as convective rainfall, a crucial rainfall mechanism in the tropics. Lack 
of convection during ENSO years has created droughts in the Indonesian and 
Australian region, with negative effects on the agriculture and economy of the recipient 
nations (McBride and Nicholls, 1983; Ropelewski and Halpert, 1987; Nicholls, 1989). 
Studies on convection have shown that it may act on a variety of temporal scales 
ranging from weeks to years (Gill and Rasmusson, 1983; Knutson et al., 1986; 
Knutson and Weickmann, 1987). Links between convection and sea surface 
temperature (SST) have also been explored, especially at the interannual scale. Gill and 
Rasmusson (1983) showed that during the 1982-83 ENSO event, the eastward 
migration of maximum SST was followed by an outgoing longwave radiation (OLR) 
anomaly, which in turn, was followed by the easterly wind anomaly at 200 mb and 
westerly wind anomaly at 850 mb (see alsO Figure 5.1 of World Meteorological 
Organization, 1985). The study supports the earlier hypotheses of Bjerknes (1969) 
who argued that the strength of the Walker circulation decreased during ENSO years 
with a weakening of convection in the western tropical Pacific. 
Subsequent studies revealed that the relationship between SST and convection is more 
complex, especially over the western Pacific (Gadgil et al., 1984; Graham and Barnett, 
1987). It was found that there is a critical temperature, approximately 27.5°C, under 
which no strong convection can develop. Above this temperature, there is no clear 
relationship between these two variables. These observations illustrate the complexity 
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of the processes governing the starting, development, maintenance and collapse of 
convection. Clearly, there is a need for further studies to investigate these processes in 
more detail. 
1.2 Objectives 
The purpose of this dissertation is to study the character of the large-scale tropical 
convection process over the eastern Indian Ocean and the western Pacific. Using 
extensive simultaneous data sets, it is expected that this study will illuminate the 
relationships between convection and various oceanographic and meteorological 
parameters. These parameters include OLR as an index of convection, and SST, wind 
and precipitable water fields. They were collected over an area bounded by latitudes 
45°S to 45°N, longitude 70°E to 180°E, and for the period 1984-86. The region is 
unique in that it encompasses the upwelling end of the Walker Circulation as well as all 
the processes associated with the beginning of an ENSO event. Unlike other studies, 
the data sets used here are very comprehensive, therefore allowing a detailed 
description of the spatial and temporal structure of the processes involved in 
convection. In particular, the wind fields at both 850 mb and 200 mb are examined in 
detail to determine the divergence field in a column of air. The study provides a 
climatology of convection in the region in preparation for TOGA-COARE. 
The study period covers a time span between the 1982/83 ENSO event, the most 
intense such event this century, and the 1986/87 event. It should therefore illuminate 
the period of recovery after the 1982/83 event, and a gradual build-up of the anomalies 
prior to the 1986/87 event. This period has not been examined in great detail 
previously. 
A detailed examination of each individual field is necessary in order to gain a better 
understanding of the convection process. The spatial and temporal patterns of each 
data set have been described in terms of annual, interannual and intraseasonal 
variations. This procedure highlights the regional characteristics important to the 
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development of convection. The integration of the various data sets will then provide a 
comprehensive description. 
1.3 Thesis structure 
A general review of studies related to large-scale convection is presented in Chapter 2. 
The convection process and estimates of large-scale convection using precipitation, 
outgoing longwave radiation and wind divergence data are discussed. Various spatial 
and temporal features of convection from interannual, intraseasonal to even shorter time 
scales are then discussed. Relationships between large-scale convection and sea surface 
temperature, wind field and water vapour convergence are then reviewed. A review of 
various numerical models of air-sea interaction, especially related to interannual 
variations, is presented. The last section discusses the remaining important issues 
related to large:scale convection. 
A detailed description of the data sets used in this study is given in Chapter 3. These 
data include satellite-derived multichannel sea surface temperature (MCSST), wind data 
from the Australian Tropical Region Analysis (ATRA), prepared by the Bureau of 
Meteorology of Australia, outgoing longwave radiation (OLR) and TIROS Operational 
Vertical Sounding (TOYS) data product. Validations on MCSST and wind data are 
presented using independent in situ data sets. Various analysing techniques will be 
discussed in detail. They include harmonic analysis, filtering techniques and empirical 
orthogonal function (EOF) analysis. 
The character of the SST field is described in Chapter 4. The seasonal means during 
the period 1984-86 are analysed and compared to earlier studies on the climatological 
SST distribution. The annual and semi-annual cycles of SST are then examined using 
harmonic analysis, and the results are compared with earlier results from the literature. 
The spatial patterns of SST at different time scales are examined using empirical 
orthogonal function (EOF) analysis. Some interesting spatial features in SST of the 
tropical mid-Pacific and the southeast Indian Ocean are discussed. 
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The wind field is analysed in Chapter 5. The seasonal means of wind at 850 mb and 
200 mb during the study period of 1984-86 are described to provide a background 
knowledge of the wind fields in the lower and middle troposphere. The annual and 
semi-annual cycles depicted by harmonic analysis are then discussed. This is followed 
by an analysis of the intraseasonal variations using bandp ass-filtered (from 30-65 days) 
data along longitudinal and latitudinal lines. Longitude-time diagrams of these filtered 
wind data at different zonal bands are then presented. 
A comprehensive study of convection is presented in Chapter 6. The main features of 
OLR during these three years are compared with those from earlier studies at different 
time scales. Whilst OLR provides dynamic evidence that convection is taking place, 
precipitable water in the low and middle troposphere provides information on potential 
areas of convection. The spatial feature and annual variation of precipitable water are 
therefore addressed. Estimates of convection are linked to the main variables which 
comprise SST and the wind field. A conceptual model is developed to examine the 
relationship between convection and these variables. 
A summary of the main findings and suggestions for future research are presented in 
the final chapter. 
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Chapter 2. A General Review 
2.1 Introduction 
For time scales longer than a week air-sea interactions, especially over tropical areas, 
play a crucial role in the coupled ocean-atmosphere dynamic system (Rasmusson and 
Carpenter, 1982; Gill and Rasmusson, 1983). Because of the ocean's huge thermal 
capacity, it acts as an energy reservoir for the earth-atmosphere system. In the tropics, 
where oceans cover more than 75% of the surface (Riehl, 1979), SST is the primary 
forcing of the atmosphere. Currents control the SST pattern, and evaporation at the sea 
surface returns latent heat energy to the atmosphere. The solar radiation, on the other 
hand, warms the upper layers of the ocean. Through wind-stress, the atmosphere 
modifies the ocean currents, therefore changing the distribution of SST. The year-to-
year variation of global climate has been greatly affected by this interaction. 
The convection process involved in air-sea interaction provides a huge amount of 
energy to the atmosphere-ocean heat engine system (Gill, 1985). Detailed studies of 
the convection process will help to better understand, simulate and eventually forecast 
the behaviour of various aspects of the climate system. As illustrated by Heddinghaus 
and Krueger (1981) who used mean OLR for 45 months from June 1974 to February 
1978, it can be seen that large-scale intense convective centres are mainly located over 
Central and South America, Central and North Africa, the western Pacific-Indonesian 
"Maritime Continent" region, and northern Australia. These processes of convection 
operating at large temporal and spatial scales are of fundamental importance to the 
climate system and as a result have received much attention. 
This chapter reviews previous studies of large-scale convection, especially in the region 
encompassed by the eastern Indian Ocean to the western Pacific. Section 2.2 discusses 
the convection process and measurement of large-scale convection through 
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precipitation, OLR and wind divergence. Section 2.3 discusses the spatial and 
temporal features of convection, from interannual, intraseasonal and even shorter time 
scales. Sections 2.4, 2.5 and 2.6 review relationships between large-scale convection 
and sea surface temperature, wind field and water vapour convergence, respectively. 
Section 2.7 discusses various numerical models of air-sea interaction. The last section 
discusses the main findings and outlines the problems yet to be solved. 
2.2 The convection process and measurements 
Convection in the atmosphere over tropical regions is often regarded as a heat-induced 
event. An air mass will ascend upon being warmed. The water vapour in the air 
condenses as a result of dry or wet adiabatic cooling and releases latent heat to the air. 
In order to form organized convection, a continuous energy supply and a generally 
unstable environment are needed. Sensible and latent heat fluxes from the earth's 
surface are often considered as the two major important energy sources. Over the 
tropical oceans, however, latent heat associated with evaporation comprises the major 
part of its energy supply. For a circuMpolar belt 100  latitude wide bordering on the 
equatorial trough, latent heat accounts 84% of total energy flowing into the atmosphere 
from the earth surface (Riehl, 1979). 
As summarized by Barry and Chorley (1987), five categories of tropical weather 
systems can be distinguished according to their space and time scales (Figure 2.1). The 
smallest, with a life span of a few hours, is the individual cumulus, 1-10 km in 
diameter, which is generated by dynamically-induced convergence in the Trade Wind 
boundary layer. In fair weather, cumulus plouds are generally aligned in "cloud 
streets", more or less parallel to the wind direction. Individual cumulus towers, 
associated with thunderstorms in the Intertropical Convergence Zone (ITCZ), may 
sometimes reach more than 20 km in height with updraughts of 10-14 ms -1 . In this 
way, the smallest system may aid in the development of larger disturbances. 
30° S 
S E TRADES 
SUB-TROPICAL HIGHS 
N E TRADES 
CONVECTIVE LATE° 
• 
I 	Zti 
W 
Li) a. r1Z 
w 0 
, 
,1  7 will /33 
-- 	-- —1km 
FRICTIONAL INFLOW 
OF MOIST AIR 
	 mESO-SCALE 
CONVECTIVE CELL 
10 - 10 2 KM 
INDIVIDUAL 	 --- 
CONVECTIVE 
ELEMENTS 
1 - 10KMN oc 
-v• 
0 1" 
CLOUD 
30"S 	CLUSTER 
102- 10 3 Km 
Equator 
CLOUD CLUSTER 
OUTFLOW REGION\ 	 • 
OUTFLOW 
— — — — — — — —12 km 
HADLEY CELL 
(MESO-SCALE 
CONVECTIVE ELEMENTS 
• CONTAINING 
INDIVIDUAL CELLS) 
TRADE WIND ----•14 
BOUNDARY LAYER 
o' 	 30' 
Figure 2.1 The meso-scale and synoptic structure of the equatorial 
trough zone (ITCZ), showing a model of the spatial 
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which form the cloud clusters (from Mason, 1970) 
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The second category of the system is those cumulus clouds which group into meso-
scale convective areas (MCAs) up to 100 km across. In turn, several MCAs may 
comprise a cloud cluster, i.e. the third category, with 100-1000 km in diameter. It 
should be noted that peak convective activity has passed when cloud cover becomes 
extensive through the spreading of cirrus canopies. A cluster meso-scale of convective 
cells often has a deep layer of convergent airflow (Figure 2.1). Some persist for only 
1-2 days but others develop within synoptic-scale waves. 
The fourth category of tropical weather system includes the 'synoptic-scale waves and 
cyclonic vortices, and the fifth group is represented by planetary-scale waves. The 
planetary waves have a scale of 10,000 to 40,000 km. Categories 3 and 4, mesoscale 
to synoptic-scale systems, are taken in this study to be representative of large-scale 
convection. Therefore their spatial and temporal variation are of special interest. 
Direct measurements of convection are difficult since the vertical velocities are small (in 
the order of a few centimetres per second). Instead, indirect techniques are used. 
Precipitation, which is one of most significant results when water vapour condenses, 
often is used as an index to measure large-scale convection. It has been found that 
precipitation over Indonesia is reduced when an ENSO event begins, and reaches its 
maximum negative anomaly at the mature stage of an ENSO event (Rasmusson and 
Carpenter, 1982) , while rainfall in the central Pacific is exceptionally high. Severe 
rainfall in northern Peru has also been associated with ENSO (Horel and Cornejo-
Garrido, 1983). 
Because of the scarcity of precipitation measurements over tropical oceans, OLR 
estimates obtained from the NOAA operational satellites have attracted much attention in 
recent years. The OLR data were described in detail by Gruber and Krueger (1984). 
OLR data sets were first used in earth radiation budget studies (Gruber and Winston, 
1978; Winston et al., 1979). They became useful proxy data for convection studies 
due to the following theoretical consideration (Morrissey, 1986a). If it is assumed that 
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convective clouds exist at essentially the same temperatures as the surrounding 
atmosphere, and if a representative temperature sounding is used, infrared temperature 
isopleths can be converted to minimum cloud-top height fields (Martin and Scherer, 
1973). The relationship between infrared radiation, effective blackbody temperature 
and height is shown graphically in Figure 2.2 (Morrissey, 1986a), where the standard 
atmosphere was obtained from Anderson and Oliver (1970). It is assumed that the 
stronger convection is, the higher the convective clouds extend, and therefore, the 
lower the cloud-top temperatures. 
It has been widely accepted that convection is the primary rain-producing mechanism in 
the tropics and that contamination of cloud-top height fields by cirrus and cirrostratus is 
minor (Morrissey, 1986a, b). Therefore, for the tropics, cloud height and cloud area 
derived from satellite infrared data should be well correlated with the degree of 
convective activity. It has been noted that the OLR associated with strong convection is 
frequently of the order of 225 Wm-2 or less (Heddinghaus and Krueger, 1981). In 
contrast, the trade wind cumulus regime, extending a kilometre or so above the ocean 
surface, appears relatively warm and emits higher radiation, usually of the order of 275 
Wm -2 or more. Thus it is possible to separate the major areas of strong convection 
from the relatively inactive trade wind or subsidence regimes (Heddinghaus and 
Krueger, 1981). Due to their continuity and aailability, the OLR data sets have been 
widely used to study variations of convective activity at annual, interannual, 
intraseasonal, and even shorter time scales. These studies will be extensively reviewed 
in the next section. 
Highly Reflective Clouds (HRCs) have also been examined and used as another 
important index for large-scale convection (Garcia and Anderson, 1984; Garcia, 1985; 
Steiner, 1987). In the visible and infrared satellite image mosaics, HRCs appear as 
large and bright cloud masses, thus implying intense convection. Their identification 
and use in precipitation estimates is discussed by Kilonsky and Ramage (1976) and 
Garcia (1981). The data are produced in NOAA on daily 1° x 10 grids. The treatment 
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11 
12 
to date of these data is subjective since the criteria used to denote convection is left to 
visual interpretation. 
2.3 Variation of large-scale convection 
Large-scale convection has a wide spectrum of variation from the interannual to the 
intraseasonal scales. Heddinghaus and Krueger (1981) used an EOF approach to study 
the monthly OLR data at the spatial scale of 100  latitude by 20° longitude from 1974 to 
1978. They examined annual and interannual variations of OLR over the tropics. Most 
variation of OLR can be depicted by the first three EOF modes. The first one 
represents the winter-summer migration of convective centres between the northern and 
southern hemispheres. The second represents variation in the intensity of the ITCZ 
from spring to fall. The third mode shows a semiannual component which depicts the 
Indian Monsoon. Liebmann and Hartmann (1982) used the same period of data but 
with a higher spatial resolution (5° latitude by 5° longitude) to describe the annual and 
interannual variations of OLR. They noticed that the ITCZ is clearly most intense 
during June-July-August whist an OLR minimum (denoted by the 240 Wm -2 contour) 
exists in all seasons near Indonesia. Furthermore they showed that during December-
January-February and March-April-May the eastward extension of the low OLR zone is 
associated with the enhanced Southern Pacific Convergence Zone (SPCZ). Horel 
(1982) used the same data set and found thai on the equatorward side of the annual 
mean position of the ITCZ (along 5°N), OLR is least in April and May, while on the 
poleward side (along 10°N) it is least in August and September. In the region of the 
SPCZ, OLR is least during the summer season of the southern hemisphere when 
1 
rainfall is usually greatest Meehl (1987) used extended data covering a period from 
1974 to 1982 and presented similar results. He found that the convective centre 
migrates from the northern hemisphere to the southern hemisphere and shifts eastward 
at the same time. 
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The interannual variations are largely related to the ENSO events. After removing 
annual variations, Heddinghaus and Krueger (1981) noted that the first eigenvector of 
OLR data exhibited a major anomaly centre southeastward from the central equatorial 
Pacific. It is located just northeast of the SPCZ and to a large extent it represents 
fluctuations in the position of this major cloud band. The time series associated with 
this pattern has been found to closely parallel Southern Oscillation Index (SOD which is 
derived from the Easter Island / Darwin pressure difference anomaly (Quinn and Burt, 
1972). It has also been found that convection centres, usually in the Indonesian 
maritime continent in non-ENSO years, move to the mid-Pacific region during the 
ENSO year (Liebmann and Hartmann, 1982; Rasmusson and Carpenter, 1982; Gill and 
Rasmusson, 1983; Meehl, 1987). This eastward shift can be seen clearly in a 
schematic diagram of the zonal circulations along the equator during ENSO and non-
ENSO periods (Figure 2.3). 
Large-scale convection possesses a striking intraseasonal oscillation. Yasunari (1980, 
1981) was among the first to reveal such features in the Indian Monsoon region 
convective activity. There are some comprehensive reviews on this subject by Knutson 
et al. (1986) and Knutson and Weicicmann (1987). A few important characteristics of 
the oscillation extracted from their summaries, together with some more recent studies, 
are listed below: 
• The oscillation is characterized by global-scale tropical wind and convection 
anomalies, including a modulation of the itorthern hemisphere and Southern 
hemisphere summer monsoon activity; 
• The oscillation is not strictly periodic, but has a preferred time scale of about 30 to 
60 days; 
• The eastward propagation of 30-60 day OLR anomalies has been noted by 
Weickmann (1983), Weiclanann sal. (1985), Knutson etal. (1986),Iau and Chan (1985; 
1986a,b), Murakami et al. (1986) and others. The characteristic propagation speed 
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("Walker Circulation") along the equator during 
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for this phenomenon is 3-6 ms -1 and mainly occurs over the tropical Indian and western 
Pacific areas. The circulation, however, noted by Lorenc (1984) and Krishnamurti et 
al. (1985), propagates around the entire globe with propagation speeds of 10 ms -1 ; 
• The 30-60 day oscillation occurs throughout the seasonal cycle with no systematic 
seasonal variation in amplitude or periodicity (Anderson et al., 1984), but does show 
seasonality in the locations of maximum OLR variability and in the extra-tropical 
response. The largest OLR anomalies, located around 150°E in the western Pacific, 
exhibit a slightly slower eastward progression, particularly during May-October 
(Knutson and Weicicmann 1987); 
• Some evidence exists for an association between tropical convection fluctuations 
and mid-latitude circulation anomalies on a 30-60 day time kale (Weickmann et al., 
1985; Lau and Phillips, 1986); 
• Oscillations of a similar time scale have been observed in the tropical oceans. For 
example, Mysak and Mertz (1984) reported 40-60 day oscillations of longshore 
currents and ocean temperatures in the western Indian Ocean; 
• Intraseasonal (25-40 days) atmospheric oscillations, characterized by eastward 
propagation of large-scale tropical wind anomalies, have been found in general 
circulation models (GCMs) by Lau and Lau (1986) and Hayashi and Sumi (1986). 
Goswami and Shulda (1984) have found 20-40 day oscillations in a zonally symmetric 
GCM. 
The variability of OLR at shorter time scales has also been studied. Murakami (1980a) 
applied the EOF analysis to the OLR data during the winter months in 1974-77 over the 
monsoon region from 50°E to the dateline and from 30°N to 20°S. He presented the 
composite pattern of the first 10 eigenvectors after the data was passed through a 15-30 
day filter. He noted that distinct southward propagation of OLR perturbations along 
100-115°E from about 25 °N to 20°S. In a similar study (1980b), he also examined the 
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behaviour of OLR at the time scale of 4-6 days. Further work (Murakami, 1983) also 
details the diurnal variation of OLR over the western Pacific and Southeast Asia during 
the northern winter (December 1978 - January 1979) and summer (July-August 1979). 
2.4 Large-scale convection and SST 
There is considerable observational evidence (Cornejo-Garrdio and Stone, 1977; 
Ramage and Hon. 1981; Rasmusson and Carpenter, 1982; Horel, 1982; Liebmann and 
Hartmann, 1982) whin suggests that convection anomalies in the tropics are closely 
associated with anomalies in sea surface temperature. 
Philander and Rasmusson (1985) showed a climatology of SST from the Indian Ocean 
to the mid Pacific in March and September. They compared this climatology with 
similar data for OLR. Their results showed that seasonal migration of the atmospheric 
convective zones are associated with seasonal changes in the SST. The isoline of 240 
Wm-2 OLR, which delineates the region of most intense convection, is usually enclosed 
by the 27.5°C isotherm through the year. These warm surface waters are 
predominantly found in the western equatorial Pacific and off the coast of Central 
America (Philander and Rasmusson, 1985). 
Although the warmest ocean area in the western central Pacific exhibits very little 
seasonal variation, it is very sensitive to ENSO, displaying large variability during such 
episodes. The eastward migration of this warmest area (28.5°C) is a common feature in 
the developing stage of ENSO events since 1940 (Fu et al., 1986). The extent of its 
eastward migration varies from event to event and represents a large contribution to the 
interannual variability of zonal SST distribution in the equatorial Pacific. In terms of 
spatial extent, it is comparable to the behaviour of the equatorial cold tongue in the east. 
The spread of the warmest water constitutes an active factor in the development of 
ENSO events. 
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The relationship between SST and convection has been studied widely over a number 
of years. Researchers assumed a direct link between warm water and convection since 
elevated SSTs can increase surface evaporation, and in turn convection (Bjerknes, 
1969; Rowntree, 1972; Julian and Chervin, 1978). The comparison of SST and large-
scale convection shows that these two variables are closely related. Gill and 
Rasmusson (1983) show longitude-time plots along the Equator of anomalies in 
monthly mean OLR and SST (4°S-4°N) during 1982-83. They suggest that the warm 
pool over 29°C (which is normally located over the western Pacific) migrated 
eastwards, followed by the zone of anomalous convection. 
Recent studies show that SST and convection are not so well correlated. Gadgil et al. 
(1984) found that over the Indian Ocean on a monthly basis the degree of cloudiness 
correlates well with SST for the relatively colder ocean, but when SST is maintained 
above 28°C it ceases to be an important factor in determining the variability of 
cloudiness. Over the major regions of convection east of 70°E, the observed 
cloudiness can not be correlated with variations in SST. 
Graham and Barnett (1987) confirmed and extended the above results over broad 
regions of the Indian and Pacific oceans. SST's in excess of 27.5°C are required for 
large-scale deep convection to occur (Figure 2.4). However, SSTs above that 
temperature are not sufficient condition for corivection to develop and further increases 
in SST appear to have little effect on the intensity of convection. This problem will be 
studied in more detail in Chapter 6, which addresses other conditions related to 
convection over warm ocean waters. 
2.5 Large-scale convection and the wind field 
The wind field over the tropical Pacific has been found to be closely associated with 
large-scale convection on a wide spectrum of time scales. The large-scale convection in 
the tropical area develops mainly in the ITCZ and SPCZ, which in turn are closely 
linked with the trades and monsoons. 
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Figure 2.4 Scatter plot of SST and OLR. OLR values decrease (convection 
increases) toward the top; SSTs are warmer to the right. Note the break at 
SSTs of —27.5°C (vertical line) that is associated with OLR values of —240 
Wm-2 (horizontal line), a threshold often associated with deep convection. 
Also note that there is little relation between SSTs and OLR when SSTs 
exceed 27.5°C. These are monthly data for 1974 to 1979. Separate 
symbols are used to represent different locations (after Graham and Barnett, 
1987). 
18 
19 
The annual cycle of the wind field has been extensively studied. Brooks and Brady 
(1921) were among the the first to study the annual variation of pressure and wind in 
the central equatorial Pacific. Crowe (1951) showed that the strength of the southeast 
and northeast trades over the Pacific were inversely related, i.e. during January the 
northeast trades are stronger than the annual mean and the southeast trades are weaker, 
while the opposite conditions prevail during July. 
This relationship has been shown to exist at the interannual time scale. Tropical wind 
observations from merchant ships compiled by Wyrtld and Meyers (1975a, 1975b, 
1976) have been used in earlier studies to demonstrate the existence of interannual 
variability of the tropical wind field. Wyrtki (1975) found that strong easterlies in the 
central Pacific lasting a year or more precede the occurrence of El Nino, and decrease 
afterwards. The existence of large-scale spatial coherence in wind field variations 
throughout the tropical Pacific was demonstrated by Barnett (1977) using EOF 
analysis. Reiter (1978) showed that the meridional wind component of the trades in 
both hemispheres is strengthened during El Nino and is associated with increased 
rainfall near the ITCZ. Pazan and Meyers (1982) used the same data to study the 
relationship between the wind field and the Southern Oscillation Index. They found 
that when the SOI is low the largest anomalies are in the westerlies on the equator and 
in the subtropics west of the dateline. Goldenberg and O'Brien (1981) subjectively re-
analysed the data set and used them to detail the distributions of frequency and zonal 
wavenumber spectra from 29°S - 29°N. They found three areas of high interannual 
variability: a band stretching from Chile to Australia (where the Southern Oscillation 
Index is measured), a region over the central equatorial Pacific and a region poleward 
of 21°N in the central Pacific. 
Wind data from tropical Pacific islands have also been used to study the interannual 
variation of the wind field and its relationship to ENSO events. Harrison and Gutzler 
(1986) found that westerly wind anomalies associated with warm central Pacific sea 
surface temperature are stronger at 850 mb than at the surface. By constructing an 
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ENSO event composite, Harrison (1987) pointed out that the westerly anomalies near 
the equator during ENSO years first appeared west of the dateline in the northern 
summer and autumn. An eastward spread across the dateline follows later on in the 
year. The anomalies then suddenly jumped southward to 5°S in January to February 
where they were greatly reduced two months later. 
Studies of the Pacific wind field and ENSO have tended to stop at 120°E, the western 
limit of the Wyrtld and Meyers (1976) data set. The wind system has also been studied 
over tropical areas of the Indian Ocean. Hastenrath and Lamb (1979) have developed 
climatological wind statistics over the Indian Ocean. Hellerman and Rosenstein (1983) 
used all the available surface observations collected by the National Climatic Center to 
calculate normals and standard errors of the global monthly wind stress. These data 
were then used as boundary conditions for models of the ocean circulation. At almost 
the same time, Barnett (1983, 1984a, b, c) used complex EOF analysis to show that 
anomalies related to ENSO in zonal wind, sea level pressure and equatorial precipitation 
originate in the Indian Ocean and propagate eastward into the Pacific. He suggested 
that the mechanism that drives this propagation appears to be latent heat release 
associated with precipitation anomalies that are phase-locked to and propagate with 
surface wind anomalies. 
Since large-scale convection occurs in the whble troposphere, it is important to study 
the upper level as well as the near-surface fields. While near-surface wind fields are 
important for air-sea interaction studies, other data for upper tropospheric processes has 
also been collected. Krueger and Gray (1969) and Krueger and Winston (1974) 
contrasted the tropical circulation for northern hemisphere winters during ENSO and 
non-ENSO periods, and found that zonal wind anomalies in the upper and lower 
troposphere over the central Pacific had opposing signs. By merging wind 
observations from aircraft, radiowinds and radarwinds, Sadler (1975) created an 
excellent atlas of mean monthly wind at the 200 mb and 300 mb levels. Sadler (1980) 
showed substantial changes in the 200 mb zonal and meridional winds when comparing 
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two Januaries that had opposite phase in the Southern Oscillation. Horel and Wallace 
(1981) found above normal 200 mb geopotential heights in the tropics during northern 
hemisphere winters following El Nino events. Hastenrath and Wu (1982) confirmed 
the negative correlation between low-frequency fluctuations of upper and lower 
tropospheric winds. Yasunari (1985) documented the existence of eastward-
propagating signals in the filtered near-equatorial 200 mb wind field. 
Later studies documented the eastward propagating character in the upper-level wind 
field. Gill and Rasmusson (1983) concluded that, during the 1982-83 ENSO event, the 
easterly wind anomaly at 200 mb and the westerly wind anomaly at 850 mb agreed well 
with the development of the OLR anomaly along equatorial areas. They ran a simple 
model which showed that anomalous heating, located where the large OLR anomalies 
were found, produced strong westerly anomalies. In turn the westerly anomalies 
brought in more moisture to fuel the heating. Gutzler and Harrison (1987) examined 
the longitude-height-time evolution of seasonally averaged wind anomalies by using 
tropical island data. They found that wind anomalies are negatively correlated in the 
upper and lower troposphere, and are out of phase between the southern tip of India 
and the central Pacific. 
The intraseasonal oscillation of wind along tropical areas was first described by 
Madden and Julian (1971, 1972). They presenied evidence for a statistically significant 
zonal wind oscillation in the tropics and described some of the features of the 
oscillation, which they noted had a quasi-periodic nature with a time scale of 40-50 
days. They described the phenomenon as a gobal-scale zonally oriented circulation cell 
that propagated eastward around the globe. They noted that the oscillation primarily 
involved the zonal wind with upper and lower tropospheric wind anomalies being out 
of phase with each other. Yasunari (1980, 1981) found evidence for a 40-day 
fluctuation in the Indian Monsoon convective activity during the northern hemisphere 
summer. The anomalies generally propagate northward from the equator to the 
northern extent of the monsoon region. He concluded that the oscillations were related 
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to the active-break cycles in the Indian monsoon. Julian and Madden (1981) presented 
further evidence for the role of convection in the oscillation and agreed with Yasunari's 
conclusion that the northward-propagating monsoon oscillations were part of the same 
phenomenon as the eastward-propagating tropical oscillations. 
Many studies regarding intraseasonal oscillations done in the 1980s, used OLR data. 
Knutson et al. (1986) found that intraseasonal OLR fluctuations had their greatest 
amplitude in the Indian . Monsoon region and north of the equator in the western tropical 
Pacific. These two regions have out-of-phase fluctuations and appear to be linked by 
OLR anomalies propagating eastward (at 3-6 ms -1 ) along the equator between 50 0  and 
160°E. 
The even shorter time scale of westerly bursts has attracted attention in recent years. 
Westerly bursts are most common during the Northwest Monsoon. They generally last 
3-5 days, though week-long events are not uncommon (Keen, 1984; 1987). Westerlies 
are convergent along the equator owing to the Coriolis effect and thus represent a 
dynamical forcing for convection. Westerlies also contribute to moisture convergence 
by advection of moist air from the west (Steiner and Khalsa, 1987). Strong 
convergence in the lower troposphere occurs at the eastern boundary of a westerly 
burst, and deep convection is often greatly enhanced (Steiner, 1987). Since 
considerable interannual variability of the wesierly burst is observed, with its greatest 
frequency during the early stages of ENSO events, it has been suggested that the 
westerly burst phenomenon may play an important role in the onset phase of at least 
some ENSO events (Steiner and Ithalsa, 1987). 
2.6 Large-scale convection and water vapour convergence 
The importance of water vapour convergence did not attract much attention until 
Cornejo-Garrido and Stone (1977) pointed out that the region of enhanced 
condensation is associated with a region of moisture convergence rather than with a 
region of enhanced evaporation. Ramage (1977) further demonstrated the important 
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contribution of moisture convergence to the overall tropical heat balance. This idea has 
been tested further in models by Zebialc (1986) and Zebiak and Cane (1987) which 
resulted in a possible prediction of ENSO. Garcia et al. (1986) found that a moist 
unstable lower troposphere in the eastern Pacific had developed in advance of deep 
convection during the 1982-1983 ENSO. 
Knowledge about the distribution of water vapour over the tropical areas is still very 
poor because of the limited observations or short period of observations. The 
development of recent data acquisition has gone far to remedy the situation. The 
TIROS-N Operational Vertical Sounder (TOVS) unit, aboard the NOAA series of polar 
orbiting satellites, provides moisture and temperature profiles of the atmosphere. • 
Processed data are available from the National Environmental Satellite Data and 
Information Service (NESDIS) using methods described by Smith and Woolf (1976), 
Smith et al. (1979) and Hayden et al. (1981). Until recently, TOVS data had been 
mainly used in operational analyses. However, Cadet (1983) and Garcia et al. (1986) 
have begun to demonstrate the value of this data source in climate research. Using 
HRC as a proxy for convection (see Section 2.2), Steiner (1985, 1987) and Steiner and 
Khalsa (1987) analyse the relationship between this variable and low-level moisture 
(from TOVS) and SST in the tropical Pacific. They found that although the large-scale 
features of SST, low level precipitable water (LLPW), and HRC agreed well in each 
month, the maxima and minima of the three variables were found to be offset in both 
time and space. In the eastern equatorial Pacific, seasonally occurring minima of SST 
and LLPW were often offset by as much as 20 0  to 30° longitude, with LLPW minima to 
the west of those of SST, whi le increases of SST and LLPW were found to precede 
rises of HRC by 1 or more months. These discrepancies implied that other factors have 
to be considered to explain the relationship between convection process and surface 
heating. 
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2.7 Numerical models 
Along with statistical studies, numerical models for ENSO have also been developed, 
both from atmospheric and oceanic prospectives. It was natural for meteorologists to 
consider the Southern Oscillation as a response to ocean conditions, and for 
oceanographers to consider El Nino as a response to atmospheric conditions. From the 
atmospheric side, a few researchers using both complex and simple models pointed to 
the importance of tropical Pacific SST anomalies in producing observed atmospheric 
anomalies during ENSO (e.g. Rowntree, 1972; Wells, 1979; Webster, 1981; 
Keshavamurty, 1983; Shukla and Wallace, 1983; Zebiak, 1982, 1986). 
Oceanographic studies show that the observed tropical Pacific SST and sea level 
anomalies during ENSO result primarily from the influence of surface wind stress 
anomalies (e.g. Busalacchi and O'Brien, 1981; Cane, 1984; Philander and Siegel, 
1985). 
With coupled atmosphere-ocean models, McWilliams and Gent (1978) and Lau (1981) 
used highly idealized models and demonstrated the possibility of frequency variability. 
McCreary (1983) and McCreary and Anderson (1984) derived the interannual 
variability by using models with explicit ocean dynamics, but a highly idealized 
atmosphere. Philander et al. (1984) developed a model with explicit linear dynamics 
for both the atmosphere and ocean. They found a coupled instability which led to the 
growth of large-scale atmospheric and oceanic anomalies. The linearization of the 
model does not permit equilibration and the subsequent decay of anomalies. That is, no 
ENSO cycle is reproduced. Zebiak and Cane (1987) designed an atmospheric and 
oceanic model in which the atmosphere model is a steady-state, linear shallow-water 
equations on an equatorial beta plane; while the ocean model is linear, and describes the 
low-frequency motion of a two-layer ocean in which the lower (sub-thermocline) layer 
is motionless. The model reproduces the major features of ENSO. 
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After some understanding of the statistical and dynamical features of ENS 0, it is 
natural to try to develop techniques to predict ENSO. From the purely dynamical 
approach, Cane et al. (1986) claimed from their numerical modeling results "that El 
Nino is generally predictable one or two years ahead". On the other hand, from 
traditional statistical forecasting techniques, Barnett (1984a) claimed that the sea surface 
temperature anomalies during 1982-83 in the equatorial Pacific could have been 
predicted 4-5 months in advance. Fraedrich (1988) went further to discuss the 
predictability time scales of ENSO events by analysing annual time series of ENSO. 
He concludes that e-folding predictability time scales up to 1.5 years would indicate that 
at least a skillful nowcasting of ENSO may be possible. 
2.8 Discussions 
From the above review, there are various topics which need further attention and which 
are appropriate to the present study. They are as follows: 
a) Seasonal variations 
The annual cycle of various atmospheric and oceanic features has long been studied 
since they are usually the most evident and most important to human life. Detailed 
studies of these annual cycles revealed various mechanisms behind the variations. For 
example, during earlier periods of this centuiY, annual cycles in temperature, rainfall 
and pressure at various stations around the globe were studied in order to classify 
regional climates (e.g., Koppen, 1923; Kenthew, 1937; Trewartha, 1937). Such 
classification schemes have been very successful in identifying regions where the 
physical mechanisms responsible for the annual cycle may be similar (Horel, 1982). 
For example, monsoonal climate denotes a seasonal response to an air-sea interaction 
which is quite unique to a particular region of the world. 
Studies of annual cycles have also served as a background to explain interannual 
variations. This approach was first used by Walker (1923, 1924). Bjerknes (1969) 
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introduced the term "Walker Circulation" to describe large-scale zonal circulation 
between the western and eastern tropical Pacific. Some recent studies have provided 
more detailed information (Heddinghaus and Krueger, 1981; Horel, 1982; Meehl, 
1987). The higher resolution data used in this study (see Chapter 3), will allow the 
seasonal variations of SST, winds, OLR and precipitable water vapour to be studied, 
and provide a more complete description of these fields. Relevant climatologies will be 
compared with the three years long (1984-86) data set developed in this study. 
b) Interannual variations 
Studies of interannual variations of the atmosphere and the ocean have become 
increasingly popular in the last two decades. This is mainly due to two reasons. 
Firstly, large quantities of atmospheric and oceanic data have become available from 
satellites and specialized observation networks (such as expendable bathythermogaphs 
(XBTs)). Increasingly more accurate observations at higher spatial and temporal 
resolution can be provided by satellite retrieval techniques (such as NOAA Advanced 
Very High Resolution Radiometer (AVHRR) and TOVS Sounding Products). 
Secondly, since the 1982/83 ENSO event, several international research programs, 
such as TOGA, TOGA-COARE and World Ocean Circulation Experiment (WOCE), 
have been organized to coordinate research from different countries. By a process of 
coordination and information exchange, broad knowledge has been gained about the 
coupled atmospheric-oceanic system. Their results have been continuously 
incorporated into various numerical models to reproduce some important features for 
forecasting. 
Studies of interannual variations conducted in the past decade are largely related to 
ENSO events. Bjerknes (1966, 1969, 1972) first linked El Nino to the Southern 
Oscillation processes. Wyrtici (1974) pointed out the possible mechanism of El Nino 
and Southern Oscillation through wind stress and mass transport (reflected in the 
variation of sea level). By surveying the literature from the 1920s to 1970s, Julian and 
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Chervin (1978) examined various phenomena related to ENSO events. Using SST, 
wind, precipitation and OLR data from past ENSO events, Rasmusson and Carpenter 
(1982) presented a composite description of the above phenomenon. Since the time of 
this publication two ENSO events have occurred (1982/83 and 1986/87) which have 
been closely monitored. It is therefore worthwhile to examine if those precursors that 
signalled past ENSO events also appear in the data sets used in this study, from 1984 to 
1986. 
c) Intraseasonal variations 
There have been many studies in the last decades of the intraseasonal variations of wind 
and convection. Madden and Julian (1971, 1972) were the first to document the 
existence of eastward propagating zonal circulation cells in the tropics with periods 
between 40-70 days. Knutson et al. (1986) and Knutson and Weickmann (1987) have 
provided very good reviews of the intraseasonal variation of convection (OLR). It is of 
interest in this study to observe if the main intraseasonal features can be replicated here 
using the data sets of wind and SST. 
d) SST and convection 
The relationship of SST and convection has long been regarded as important in 
understanding the coupled atmosphere and Ocean system. The warm sea surface 
provides a huge energy reservoir through vaporization, while convection provides a 
very effective mechanism to release the latent energy trapped in the air mass. Viewed 
from wide range of SST variability, it has been assumed that the SST and OLR 
correlate closely. Earlier studies assumed a direct link between warm surface water and 
convection by which an elevated SST can increase surface evaporation, and in turn, 
convection (BjerIcries, 1969; Rowntree, 1972; Julian and Chervin, 1978). Comparison 
of SST and large-scale convection shows a tight connection between these two 
variables. Gill and Rasmusson (1983) shows longitude-time plots along the Equator of 
monthly mean values of OLR anomaly and SST (4°S-4°N) during 1982-83. They 
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suggest that the warm pool over 29°C (which is normally located over the western 
Pacific) migrated eastwards and the zone of anomalous convection followed it. 
More recent studies suggest that SST and convection are not so directly correlated 
(Gadgil et al., 1984; Graham and Barnett, 1987). Over the Indian Ocean on a monthly 
basis the degree of cloudiness correlates well with SST for the relatively colder ocean, 
but when SST is maintained above 27.5-28°C it ceases to be an important factor in 
determining the variability of cloudiness. Since the SSTs over the major regions of 
convection east of 70°E in the tropics are higher than this 'critical temperature, the 
observed cloudiness does not correlate well with variations in SST. 
From the above studies it seems that there are still some problems which remain 
unsolved. Why does the critical temperature lie at about 27.5-28°C? Why are SST and 
convection not well correlated above this threshold temperature? What is the 
relationship between SST and convection above this threshold temperature? This study 
will attempt to answer some of these questions. 
e) Upper level divergence and convection 
It has long been assumed that the upper level divergence and convection have a very 
close relationship. However, partly due to the accuacy of divergence data, detailed 
relationship between these two fields is still not well documented. Regarding the 
spatial structure of convection, it is worthwhile to examine the spatial scales associated 
with regions of convergence and divergence. From general circulation theory, at the 
global scale the Hadley circulation describes a convection process originating at the 
tropics and subsiding in the subtropical areas. However the existence of dry/wet 
seasons in the northern/southern hemisphere at certain times of the year in the study 
region suggests that the global model of convection may be too simple. The data sets 
used in this study (OLR, wind and SST) provide an opportunity to investigate their 
spatial relationship in more detail. 
29 
0 Precipitable water and convection 
The importance of water vapour convergence was reused only after Cornejo-Garrido 
and Stone (1977) pointed out that the region of enhanced condensation was associated 
with a region of moisture convergence rather than with a region of enhanced 
evaporation. Ramage (1977) further demonstrated the important contribution of 
moisture convergence to the overall tropical heat balance. This idea has been tested. 
further in models by Zebiak (1986) and Zebiak and Cane (1987) which resulted in a 
possible prediction of ENSO. Garcia et al. (1986) found that a moist unstable lower 
troposphere in the eastern Pacific had developed in advance of deep convection during 
the 1982-1983 ENSO. By using the precipitable water data from the NOAA TOVS 
Sounding product, Steiner (1985, 1987), Steiner and Khalsa (1987) used TOYS data 
incorporated with SST, HRC data, to analyse the relationship between convection in 
the tropical Pacific with SST and low-level moisture. They found that the maxima and 
minima of the three variables were offset in both time and space, demonstrating that 
high SST does not always result in enhanced local convection. In the eastern equatorial 
Pacific, increases of SST and low level precipitable water (LLPW) were found to 
precede rises of HRC by 1 or more months. However, knowledge about _ the 
distribution of water vapour over the tropical areas is still very poor because of the 
quality of the satellite retrieval process and t.11 need to provide high frequency data. It 
is therefore interesting to further examine the spatial and temporal features of the 
precipitable water and its relationship to the distribution of convective centres. 
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Chapter 3. Data and Methodology 
3.1 Introduction 
This chapter describes the main data sets used in this study, SST, wind and OLR, as 
• well as precipitable water data from TOVS. Their sources and methods of acquisition 
are described. Some validation is done on SST and wind fields in order to assess their 
suitability for analysis as described in later chapters. The SST, wind, OLR and TOYS 
precipitable water data sets are discussed in sections 3.2, 3.3, 3.4 and 3.5 respectively. 
The analysis techniques used i(n this study follow a conventional approach. Harmonic 
analysis, used to describe the annual variation of the above parameters, is discussed in 
Section 3.6. A high-pass filtering technique, outlined in Section 3.7, is applied to the 
wind data to study their intraseasonal variations. Finally, empirical orthogonal function 
(EOF) analysis, used in the description of SST variation is presented in Section 3.7. 
3.2 Sea Surface Temperature (SST) 
3.2.1 Data Description 
3.2.1.1 Multichannel Sea Surface Temperature \ (MCSST) 
The common in situ SST observations in the open ocean presently available from 
World Weather Watch are mainly confined to shipping routes. Sadler et al. (1987a,b) 
and Reynolds (1988) used all the available data to calculate the average monthly SST 
field over the global ocean from 1900-1979. Data coverage in portions of the seas 
north of Australia, the central Pacific and the Southern Ocean is not entirely satisfactory 
for monitoring global air/sea interactions. On the other hand, satellite-observed SST 
-data have much better spatial and temporal resolution than World Weather Watch data. 
The technique has been greatly developed and improved since the launching of NOAA 
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7 in 1981, which carried the AVHRR. A five-channel, three-window AVHRR is now 
being used to calculate the multichannel sea-surface temperature (MCSST) (McClain et 
al., 1985), which is an operational daily product of the global SST field on a 10 
latitude/longitude grid. The MCSST data permit studies on time scales smaller than one 
month, as required for this study. 
At present, MCSST is being used to produce global monthly-averaged SST 
(Reynolds,1988) and to support other climate studies (Legeckis, 1986; Strong, 1986). 
Validation of MCSST against in situ temperature measurements has been mainly 
restricted to monthly averages (McClain et al., 1985; Reynolds, 1988) and therefore it 
is worthwhile to examine the validation of MCSST using additional in situ data on a 
short time-scale, especially over the western Pacific. 
The MCSST data used in this study are daily, global analyses from 70°S to 70°N on a 
10 latitude/longitude grid. The calculation of these fields has been reported in detail in 
several papers (Strong and McClain, 1984; McClain et al., 1985). The processing of 
the data before it was acquired for this study is briefly summarized below: 
a) Data retrieval: The AVHRRs deliver 1.1 km (at nadir) resolution measurements in 
four or five channels (depending on the satellite): 0.58-0.68, 0.725-1.10, 3.55-3 -.93, 
and 10.3-11.3 1.tm and an additional 11.5-12.5 gm channel for the five channel 
AVHRRs. The recorded onboard data with global area coverage (GAC) is transmitted 
to ground stations twice daily at a nominal resolution of 4 km (four of every five 
samples along the scan line are used to to compute one average value, and data from 
only every third scan line are processed). The data set consists of the raw sensor data 
and quality control information, calibration coefficients and earth positions. 
b) Quality Control: A quality control procedure is used to eliminate pixels that are 
contaminated by cloud cover. Every 6 hours, all MCSST observations are organized 
into basic units of 50 km x 50 km. A series of cloud filtering techniques are applied 
and cloud contaminated pixels are removed. Each unit is then assigned a particular SST 
value using regression formulae relating channel grey level values to SST (Strong and 
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McClain, 1984; McClain et al., 1985). Daily MCSST values at grid points of 1° 
longitude x 10 latitude are calculated from the MCSST values on basic units through 
objective analysis. Other operational products, such as isotherm contour charts, 
archive tapes, and teletype transmissions on the Global Telecommunications System, 
are produced regularly from the MCSST fields. 
For this study, the daily MCSSTs were filtered by a 5 day running average and 
subsampled every second day. 
3.2.1.2. Ground-truth data description 
Three sources of ground-truth data, mostly from the western equatorial Pacific, were 
available for the present study: 
a) Mooring data: A moored surface buoy was maintained on the Equator at 150°E 
during the Western Equatorial Pacific Ocean Circulation Study (WEPOCS) conducted 
from June 1985 to February 1986 (Lindstrom et al., 1987). Near-surface temperature 
was measured at 2 m depth by the weather station for a period of 10 weeks, and at 
15-m depth by,an Aanderaa current meter for six months. The SST measurements at 
2-m were made every 2 hours, and at 15 m every 50 minutes. These data were then 
averaged to get daily values for this study. 
b) Research Vessels. The SST at approximately 3 m depth was recorded with 
thermosalinographs on the research vessels Franklin and Moana Wave during three 
cruises in 1986. SST was measured every minute. Observations in a day within a 10 x 
1° bin were averaged to get a daily gridded value. 
c) Expendable bathythermograph (XBT) temperatures: Two XBT data sets were used 
in this comparison. The first was composed of individual transects along shipping 
routes in the seas north of Australia (see Figure 3.1). At 4 to 6 hour intervals an XBT 
cast is taken and each route is repeated every 2-4 weeks. The temperature recorded at 5 
m was used since there are errors associated with the measurement at the surface 
(Roemmich and Comuelle, 1987). The final step involves grouping all the SST data 
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Figure 3.1 	XBT ship of opportunity lines selected for validation of MCSST 
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into 10 latitude x 10 longitude squares to obtain a daily value. Typically, it took the ship 
between 3 to 4 hours to sail through one of the 10 squares so that in this 
comparisonindividual XBT drops are being compared to the gridded MCSST values. 
The second data set comprised transects located in the western, central and eastern 
Pacific. The XBT data was averaged in large areas (Figure 3.1). Typically each area 
was criss-crossed by transects, and each transect was repeated 18 times a year. The 
monthly-averaged temperature at 5 m depth was calculated in the areas 0-6°N and 0-6°S 
near 160°E, 165°W and 100°W, during 1979-1984 (Figure 11). 
3.2.2. Comparison 
3.2.2.1. Comparison of daily averages 
The daily-averaged SST from the mooring and research vessels are compared to 
MCSST in Table 3.1, which also gives the location of each in situ measurement. The 
root mean square differences (RMSD) of SST to MCSST values at the nearest grid 
point vary from 0.54 to 0.92°C, and the biases vary from -0.54 to 0.29°C depending on 
location. The area-averaged MCSST in 2° latitude x 3° longitude boxes surrounding the 
daily SST location are also compared, giving a RMSD from 0.43 to 0.72°C, and biases 
from -0.48 to 0.20°C. The area-averaged RMSD are smaller than grid-point RMSD, 
which implies that the MCSST are more representative of an area. It should be pointed 
out that high correlation coefficients (0.97 and 0.98) in the Tasman Sea (Row (d) in 
Table 3.1) are due to a broader range of SST from 12 to 24°C (12° difference), while 
SSTs from other areas vary only from 25 to 31°C (6° difference). A better indication of 
the overall accuracy is given by the RMSD figures: there are no significant differences 
in RMSDs between the Tasman Sea area and other areas. 
3.2.2.2. Comparison of monthly averages 
Comparisons of monthly-averaged XBT SST to MCSST for five near-equatorial areas 
over the Pacific are presented in Table 3.2. The correlation coefficients between these 
two data sets in all areas are quite high, varying from 0.75 to 0.97. The biases are 
Data Source Period 
(yymmdd) 
Grid Point Values Area Averages 
n Bias RMSD R n Bias RMSD R 
Mooring 00 , 150°E 
(a) 2 m depth 850801-851012 73 -0.54 0.72 0.49 73 -0.48 0.62 0.55 
(b) 15 m depth 850802-860201 185 -0.34 0.54 0.57 185 -0.23 0.43 0.61 
RV Franklin 
(c) 17°S-7°N 860107-860212 113 0.29 0.78 0.55 18 0.20 0.55 0.71 
143°E-153°E 
(d) 28°S-42°S 861104-861120 50 -0.19 0.87 0.97 11 -0.19 0.72 0.98 
148°E-155°E 
RV Moana Wave 
(e) 8°S-7°N 	- 860112-860213 107 0.13 0.92 0.69 13 0.17 0.69 0.84 
143°E-159°E 
Table 3.1 Comparisons between daily-averaged MCSST and SST from mooring and research vessels. n = number 
of observations, Bias = mean of (MCSST - SST), RMSD = root mean square difference, R = correlation 
coefficient. See the text about the exact meanings of the grid point values and area averages. 
Data Source Period 
(YYmin ) 
n Bias RMSD R Time Derivative 
NSS PSS (%) 
W Pac(S) 8202-8503 38 -0.04 0.44 0.75 30 81 
W Pac(N) 8202-8506 41 -0.12 0.40 0.85 30 75 
C Pac(S) 8202-8412 35 -0.24 0.50 0.83 24 71 
C Pac(N) 8202-8412 35 -0.35 0.55 0.89 25 
, 
74 
E Pac(S) 8202-8411 34 -0.26 0.54 0.97 31 94 
Table 3.2 Comparisons between monthly-averaged MCSST and XBT 
SST over the equatorial Pacific. W Pac(S) = 0°-6°S, 150°- 
170°E; W Pac(N) = 0°-6°N, 145°-165°E; C Pac(S) = 0°-6°S, 
175°-155°W; C Pac(N) = 0°-6°N, 170 0-150'w E Pac(S) = 0°- 
6°S, 115°-95°W. NSS is the number of the same sign between 
time derivatives of MCSST and XBT SST. PSS is the 
percentage of the same sign, i.e. NSS/(n-1). Other table 
headings are same as Table 3.1. 
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between -0.04 and -0.35, and RMSD are between 0.40 and 0.55. These results are 
almost the same as those of Bernstein and Chelton (1985), McClain et al. (1985) and 
Reynolds (1988). As the variation of SST over the western Pacific is only about 1°C, 
the usefulness of MCSST over this area might seem doubtful. The time derivatives of 
both XBT SST and MCSST were therefore calculated (Table 3.2) to see whether 
MCSST can reflect relative temperature change. The results are encouraging: although 
the changes from month to month are small, the derivative has the same sign 71% to• 
94% of the time for the five areas. 
To show how MCSST depicted the real variations of SST, the time series of monthly-
averaged SST and MCSST in the area of 0°-6°N, 150°-170°E are presented in Figure 
3.2. The two time series are consistent in both the long-term, and short-term trend (for 
example, the peak in October 1982). Similar results were found in the time series of 
other areas. 
3.2.2.3. The systematic shift of bias (MCSST-SST) over the western Pacific 
A temperature-dependent bias is one of most important features obtained in this 
MCSST-SST comparison. It can be seen clearly in a plot of individual values of in 
situ SST (x-axis) against MCSST (y-axis). Figure 3.3 shows the daily area-averaged 
values used in Tables 3.1, and Figure 3.4 shows the monthly values used in Table 3.2. 
Both figures show that under warm conditions (SST > 28.5°C ), large and positive 
(MCSST-SST) differences tend to occur more frequently than at lower SST. In order 
to see this feature clearly, daily area-averaged values from data sources described in 
Rows (c) and (e) of Table 3.1 and daily XBT data have been combined and analysed 
for different temperature bands (Table 3.3). The biases (MCSST-SST) vary steadily 
from about 0.34 to -0.59. 
There may be two explanations for this effect. Firstly, it may be caused by 
temperature-dependent biases in the AVHRR brightness temperature sensors (Brown et 
al., 1985). The 11 and 12 p.m detectors in the AVHRR have a non-linear response to 
infrared radiation. This response is measured when the instrument is on the ground, 
1983 	1984 1985 1982 
Figure 3.2 Time series of monthly MCSST (solid line) and XBT SST 
(dashed line) over the area of 0-6°N, 150 0-170°E. 
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Figure 3.3 Comparison of daily MCSST to in situ SSTs measured at the 
moorings, research vessels and XBT transects described in Table 
3.1. 
38 
32 
3! 
30 
29 
28 
27 
26 
25 
24 
Temperature 
Range 
n Bias RMSD 
>30 9 0.34 1.03 
29 - <30 47 -0.15 0.85 
28 - <29 47 -0.22 0.80 
27 - <28. 27 -0.39 0.84 
26 - <27 9 -0.29 0.50 
25 - <26 3 -0.59 0.72 
Table 3.3 Daily area-averaged values compared according to SST range. Data are 
fromin situ SSTs measured at the mooring, reasearch vessels and XBT 
transects. 
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and is published by NOAA along with all the other calibration information. For a 
variety of reasons, mostly errors in human communication between operational groups 
at NOAA, this non-linearity was not taken into account until January 1985. 
To test whether calibration could account for the temperature-dependent bias, the data in 
Table 3.3 were divided into two groups: before and after 1 January 85 (Group B-
Before and Group A-After) (Table 3.4). The number of observations in Group B is too 
small to provide any meaningful result except for the general negative biases: MCSST 
underestimates the SST. For Group A, it still can be seen clearly that MCSST-SST 
tends to be positive at higher temperatures. Therefore, the bias at higer temperature 
ranges may be only partly due to the calibration problem. 
A detailed check of the high SST values in Figure 3.4 suggests that the trend is more 
marked over the western Pacific. This raises another possibility. Over the western 
Pacific, around 28°C, a threshold for the development of large-scale convection is 
established (Gadgil et al., 1984; Graham and Barnett, 1987). Under this condition, the 
water vapour within the atmospheric layer is very high, causing attenuation of radiation 
emitted by the sea surface. The regression formulae used to calculate the MCSST were 
not developed in this type of atmosphere and may not be accurate enough to cover this 
situation. Other authors have also pointed out this problem (e.g. Barton, 1985). 
3.2.3. Concluding Remarks 
Operational MCSST data provides regular and informative SST measurements for 
meteorological and oceanographic studies. The comparisons have indicated an RMS 
difference of about 0.7 °C for daily values sand 0.5°C for monthly values. These 
satellite-derived SST measurements can generally pick up the real variation of SST, and 
thus can be used to monitor the field of sea-surface temperature. They are quite 
appropriate for calculating the monthly average values n combination with ship-of-
opportunity data, and provide reasonably good estimates for short time-scales of weeks 
to months. 
Period 
Before 
Jan. 1, 1985 
Temperature 
Range 
n Bias RNISD 
>30 2 -1.17 1.95 
29 - < 30 10 -1.09 1.85 
28 - <29 9 -0.92 1.20 
. 	27 - < 28 7 -0.67 	, 0.62 
26 - < 27 3 -0.44 0.43 
25 - < 26 2. -0.85 0.78 
After 
Jan. 1, 1985 
>30 7 0.77 0.80 
29 - < 30 37 0.10 0.41 
28 - <29 38 -0.05 0.51 
27 - <28 20 -0.29 0.74 
26 - < 27 6 -0.22 0.16 
25 - <26 1 -0.08 0.01 
>29 44 0.20 0.47 	. 
27 - < 29 
\ 
58 -0.13 0.59 
25 - <27 7 -0.20 0.14 
Table 3.4. Daily area-averaged values compiared according to SST range 
before and after 1 January, 1985. Data sources and table headings 
are same as Table 3.3. 
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Figure 3.4 Comparison of monthly MCSST to in situ XBT SSTs over the 
equatorial Pacific described in Table 3.2. 
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In this study, 5-day running averages are calculated to remove the short term variation, 
and then sampled every second day. There are a total of 548 samples for the period 
from 1984 to 1986. The 1° Lat x 1° Long data are then averaged into 2.5° Lat x 50 
Long bins. There are a total of 507 grids in the research area. 
3.3 Wind Data and Validation 
3.3.1 Calculation 
The Australian Tropical Region Analysis (ATRA) produced by Bureau of Meteorology, 
Australia is a three-dimensional, univariate optimum interpolation of all available wind 
data (ships, aircraft, radiosondes, surface land stations, satellite-determined winds, 
etc.) (Davidson and McAvaney, 1981; Davidson etal., 1983). Variables are analyzed 
at eight levels in the vertical on a twice daily basis at 11 and 23 GMT. Data for this 
validation were taken from the lowest level, which corresponds closely to a pressure 
level at 950 mb, and projected to the surface using the same boundary layer model as 
the optimum interpolation procedures for surface winds from ship and land stations. In 
the optimum interpolation technique, the first guess field for an analysis is the analysis 
from 12 hours earlier. The Bureau of Meteorology began to apply this analysis 
routinely in September 1983, and the data from January 1984 to December 1986 have 
been Used in this report. 
3.3.2 Data Validation 
The advantages and disadvantages of the ATRA analysis can be partly assessed in the 
light of earlier studies. In many oceanographic studies the curl of wind stress is the 
most important parameter. A careful comparison between the ATRA analysis and that 
of ECMWF by Hendon (1988) showed major differences in low level wind, 
particularly off the west coast of Australia, where gradients in the wind field are large. 
Differences in the structure of derived wind divergence (both horizontally and 
vertically) were documented and in some cases the sign of wind vorticity (which is very 
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similar, in pattern to wind stress curl) did not agree. It is likely the differences arise 
because no forecast model or initialization is used in the ATRA analysis, so that the 
analyzed wind fields are essentially the optionally interpolated observations. Thus, 
while the ECMWF analysis has the advantage of having global coverage, the ATRA 
analysis preserved the observed spatial structure in the wind field, and may be more 
useful when wind stress curl is needed. Hendon (1988) went on to show that 
divergence derived from the ATRA analysis is consistent with patterns of outgoing 
long-wave radiation, which give a qualitative assessment of the validity of gradients in 
the wind field analysis. 
In this section, the ATRA analysis is compared with four independent wind data sets 
collected by the CSIRO Division of. Oceanography and the University of Tasmania at 
marine weather stations and buoys, representing conditions on the Equator, and in 
tropical and extra-tropical areas. 
3.3.2.1 John Brewer Reef 
Wind measurements from a tower at John Brewer Reef (18°38'S, 147°4'E) provided 
data in a tropical area. Michael (1988) calculated the surface heat fluxes using in situ 
and satellite-derived parameters. Wind, sea surface temperature, humidity, air 
temperature, and various radiation parameters, were measured from the 16th of June 
1985 to the 7th of July 1986 (Michael and Nunez, 1991). A comparison of these data 
with weekly-averaged wind speed from the ATRA analysis over a 26 week period 
showed good agreement. A mean difference of 0.34 ms -1 (measured > analysis) was 
obtained, which was 5% of the mean speed xicorded at the tower. The RMSD was 
1.22 ms -1 , and the correlation coefficient was 0.84 (Figure 3.5). Michael (1988) 
reduced the 950 mb wind speed by 20% as required in a boundary layer model 
(Davidson and McAvaney, 1981). 
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Figure 3.5 Scatter plot of wind speed of John Brewer Reef tower vs ATRA 
wind analysis 
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3.3.2.2 150°E mooring during the WEPOCS 
Wind measurements on a mooring at 0°, 150°E during WEPOCS provided another 
independent data set (Lindstrom et al., 1987). WEPOCS was organized by 
investigators from Australia and the United States with the objective to test a 
hypothetical ocean model, and to describe the effect of the monsoon on the upper ocean 
circulation in this region. Two research vessel expeditions were conducted in June-
August 1985 (WEPOCS I) and January-February 1986 (WEPOCS II) to coincide with 
the peaks of the southeast and northwest monsoon (Lindstrorn et al., 1987). One of the 
main elements of the experiment involved in the deployment of current and wind 
moorings from July, 1985 to January, 1986 at 0°,150°E. The wind measurements 
were available only from 31/7/85 to 12/10/85 due to a failure of the anemometer. 
The mooring wind vector averaged over five days is compared to the ATRA analysis in 
Figure 3.6, which shows the zonal and meridional components of the wind vectors in 
panels a and b, the wind speeds in c, and the difference in wind direction in panel d. A 
similar comparison of daily-averaged wind is also conducted. Table 3.5 gives a 
comparison of wind statistics: average components, speed and direction for the 
observing period, average difference in these parameters, root mean squared (RMS) 
differences and correlation coefficients for daily and five-day mean values. For daily 
values, the averaged wind speed difference is\ only 0.25 ms -1 (Table 3.5), or 10% of 
the mean speed for the observing period. The difference indicates again that the 
boundary layer model has not reduced the 950 mb wind enough for an estimate at the 
surface. The RMS difference in wind speed is 1.45 ms-1 . The difference in direction 
is near zero or small when wind speed measured at the mooring approaches 4 ms -1 , but 
can be very large when wind speed is small (Figure 3.6c and 3.60). The time series of 
zonal five-day averaged wind shows excellent agreement (Figure 3.6a) as indicated by 
the correlation coefficient (0.95) in Table 3.5; however, meridional wind (Figure 3.6b) 
is not represented very well by the ATRA analysis, which registers the wrong sign on 5 
of 15 occasions. 
u v w Dir. 
ATRA wind -1.12 0.72 2.78 156.14 
Mooring -0.99 0.54 2.52 148.42 
Bias (ATRA-mooring) -0.14 0.19 0.25 2.79 
1 5
0'
 
-
8 
RMSD (daily) 1.33 1.78 1.45 60.66 
R (daily) 0.80 0.47 0.43 
RMSD (5d mean) 0.46 1.17 0.76 24.15 
R (5d mean) 0.95 0.17 0.66 
ATRA Analysis 0.68 1.36 7.19 176.30 
Mooring 0.26 2.03 5.16 185.56 
B ias  (ATRA-mooring) 0.41 -0.67 2.02 -3.73 
'S
,  1
 
11
 -  RMSD (twice daily) 3.35 2.95 3.42 37.94 
R (twice daily) 0.87 0.83 0.55 
RMSD (5d mean) 2.02 1.18 2.25 25.13 
R (5d mean) 0.94 0.92 0.83 
(2
9°
32
'S,
  1
14
°1
6'E
)  
f)
  
87
02
10
 -
  8
70
33
1  
ATRA Analysis -2.18 1.69 7.33 160.01 
Mooring -0.55 4.00 5.34 179.97 
Bias (ATRA-mooring) -1.63 -2.32 1.98 -23.56 
RMSD (twice daily) 4.31 5.18 3.36 58.15 
R (twice daily) 0.69 0.48 0.51 
RMSD (5d mean) 2.05 2.48 2.08 27.47 
R (5d mean) 0.96 0.87 0.95 
Table 3.5 Comparison of wind at moorings to ATRA wind analysis: 
zonal wind (u), meridional wind (v), wind speed (w) and 
direction (Dir.). 
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Figure 3.6 Time series of 5-day averaged wind components of mooring on 
Equator at 150°E and ATRA wind analysis: (a) zonal wind; (b) 
meridional wind; (c) wind speed; and (d) direction difference 
(AT'RA analysis minus mooring). 
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3.3.2.3 Mooring off Cape Naturaliste 
Wind measurement from a mooring (34°01'S, 114°28'E) off Cape Naturaliste, West 
Australia provided data in an extratropical region. The mooring was maintained as part 
of the Leeuwin Current Interdisciplinary Experiment (LUCIE), a multi-ship, year long 
survey designed to investigate the dynamics of the Leeuwin Current (Church et al., 
1989). The second mooring deployment provided useful wind data during the period 
11/2/87 to 26/5/87. (The first deployment provided too short a record (35 days) for 
useful validation). The five-day averaged winds are compared in Figure 3.7, using the 
same format as the comparison for the equatorial mooring. Statistics are presented in 
Table 3.5. The mooring data are averaged over 12-hour intervals. Time series of the 
twice-daily values are compared. For twice daily values the mean wind speed bias 
(ATRA - Mooring) is 2.02 ms-1 . Again the ATRA analysis shows higher wind speeds 
indicating that the boundary layer model has not sufficiently reduced wind speeds at 
950 mb to approximate speeds at the surface. The mean bias in direction (ATRA - 
mooring ) is only -3.73°, indicating that rotation of the wind vector due to friction in the 
boundary layer is on average a good correction to the 950 mb wind. The time series of 
5-day averaged zonal and meridional wind (Figure 3.7) are in excellent agreement and 
give correlation coefficients of 0.94 and 0.92 respectively. This high correlation may 
partly reflect the high span in wind speeds exhibited in this region. 
3.3.2.4 Mooring off Dongara 
Wind measurement from a mooring (29°32'S, 114°16'E) off Dongara, west Australia 
were obtained as part of the LUCIE research project during 10/2/87 to 31/3/87. A 
comparison of five day averages from the ATRA analysis, in the same format as earlier 
comparisons is presented in Figure 3.8. A comparison of twice-daily values is also 
conducted, and the statistics are summarized in Table 3.5. A striking discrepancy 
appears in the mean bias in direction (Table 3.5, Figure 3.8d). The discrepancy is due 
to a sharp change in wind direction at the continental boundary. It is likely that the 
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Figure 3.7 Time series of 5-day averaged wind components of mooring 
(34°01 1S, 1,14°28 1E) off Cape Naturaliste and ATRA wind analysis: 
(a) zonal wind; (b) meridional wind; (c) wind speed; and (d) 
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mooring has come under the influence of continental winds, whilst the ATRA analysis 
has smeared the open-ocean winds into the coastal region. Despite this discrepancy, 
time-series of five-day wind speeds are highly correlated (0.96 and 0.87 for zonal and 
meridional wind speed components respectively). The twice-daily values are not as 
highly correlated (Table 3.7), probably due to a daily sea-breeze in the ATRA analysis 
which is filtered out by the 12-hour averaging in the mooring data. 
3.3.2.5 Summary of validation 
The 950 mb wind from the ATRA analysis corrected for friction in the surface 
boundary layer (Davidson and McAvaney 1981) is highly representative of variations in 
the surface wind (see correlation coefficients in Tables 3.5-3.7). A 20% reduction in 
wind speed as calculated in a boundary layer model overestimates the magnitude of 
surface wind by 5% to 40%, the larger values occurring in extra-tropical regions. 
Predicted directions in the ATRA analysis may be seriously in error in coastal regions, 
and under weak wind speeds (<4 ms -1 ), but are usually within 10° from the measured 
value when wind speeds are high. 
3.4 Outgoing Longwave Radiation (OLR) 
OLR data used in this study was obtained from the NOAA polar orbiting satellites. 
They are sun-synchronous satellites, having aii inclination of about 99° (the angle the 
satellite track makes with the equator), a nominal height above the earth of 833 km, and 
a period of about 102 minutes. The equator crossing times of the NOAA satellites are 
at about 0900 LST southbound and 2100 LST northbound. The local area coverage or 
"pixel" resolution is about 1.1 km. Further details concerning the determination of this 
radiation budget component are given in Winston and Krueger (1977). 
The instrument scan was perpendicular to the orbital plane at a rate of six scans per 
second. From 833 km, the observed swath on either side of the suborbital track 
extends approximately 13° of geocentric arc (approximately 2,866 km at the equator). 
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Due to the volume of data involved, larger data elements are produced by spatially 
averaging the pixels along the scan. Mercator arrays on a 2.5° x 2.5° latitude-longitude 
grid are produced by bi-linear interpolation of stereographic arrays where data has been 
digitized. The data are organized into two sets, one with night-time values and one 
with daytime values. Daily OLR is then obtained by averaging the twice daily values. 
From these daily values, monthly averages are then calculated. 
3.5 TIROS-N Operational Vertical Soundings 
The TIROS Operational Vertical Sounder (TOYS) on board the TIROS-N (now called 
NOAA) series of polar-orbiting satellites provides global coverage of temperature and 
moisture for selected layers of the atmosphere. Since mid-1979, the goal has been to 
have two of these satellites in sun-synchronous orbit at all times, permitting most of the 
earth to be sampled at roughly 6-hour intervals. The TOYS itself consists of three 
instruments: (1) the second version of the High-Resolution Infrared Radiation Sounder 
(HIRS/2), (2) the Microwave Sounding Unit (MSU), and (3) the Stratospheric 
Sounding Unit (SSU). These instruments together measure radiances in 27 spectral 
intervals. Detailed descriptions of the TOYS retrieval techniques can be found in the 
literature by Smith and Woolf (1976), Smith et al. (1979) and Hayden et a/. (1981). 
The operational product obtainable from the N4ional Environmental Satellite Data and 
Information Service (NESDIS) contains temperature for 15 layers from 1000 to 1 mb 
and precipitable water (PW) for three layers from 1000 to 300 mb. TOYS PW data 
from 1000 to 700 mb are used in this study to provide information on the large-scale 
distribution of low level moisture. 
Several studies have examined the accuracy of the TOYS PW data. Since moisture 
retrievals are not possible under completely cloudy conditions, the PW data may have a 
bias under heavy convection condition. Gruber and Watkins (1979) found a RMSD of 
about 5mm between daily low-level PW (1000-700 mb) derived from TOYS and co-
located radiosonde observations over continental United States. Again, Gruber and 
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Watkins (1982) compared TOYS and radiosonde temperature data from July 1979 
through May 1980 and found that the RMSD are larger for cloudy retrieval paths (2-3 
mm) than for clear retrieval paths (1-2 mm). Garcia et al. (1986) did a similar 
validation using aircraft observation over the eastern Pacific from November 1980 to 
January 1983. He found that the biases are larger than those of Gruber and Watkins, 
but the RMSD are smaller for the lowest two layers. 
3.6 Harmonic Analysis and Filtering techniques 
3.6.1 Harmonic analysis 
Harmonic analysis is one of the conventional techniques used to detect oscillations with 
known frequencies. Using Fourier analysis, a time series can be represented by a 
linear combination of a given number of periodic functions (sine and cosine functions). 
All of these periodic functions are orthogonal and the coefficients can be determined 
independently of one another. Since it is well known that annual and semiannual cycles 
of atmospheric and oceanic variables in tropical areas are dominated by solar 
movement, harmonic analysis has been widely used to describe their seasonal 
oscillations. A brief description of the technique is presented below. A comprehensive 
treatment can be found in Jenkins and Watts (1968) and Chatfield (1975). 
For a time series x(t) sampled at a unit interal for N times: fx,) for k=1, 2, ... , N, 
x(t) can be represented by a Fourier series: 
E--i 2 
X(t) = A 0 + 	[A k COS (V) + B k sin (cok t)1 + A N COS t 	(3.1) 
k=0 
2ir k . the component at frequency wk = 	is often called the kth harmonic. For k # T , 
the kth harmonic is often written in the equivalent form 
A k cos (wk t) + B k sin (cok t) = C k cos (ak t — 0k ) 
C k  = VA 2 + B 2 k 	k 
(3.2) 
(3.3) 
B k 
(Pk =  
where C k and Ok represent the amplitude and phase of the cycle respectively. 
Using the least squares approach, Ak and Bk can be estimated by the following 
formulae: 
A o = 
2 v, A k  - N m — Lx cos cAu m m=• 1 
2 B k —N Lx sin com m 
m =I 
It can be shown that 
_l C2  1 ± 	2  
- (X t - X E- + A 2 
That is, the variance of a time series can be represented by a sum of their individual 
C
2 
harmonic contributions. By plotting_____2k against (0k.  a line spectrum is obtained to 
describe discrete spectra. Since most time series have continuous spectra, it is more 
appropriate to use a continous curve so that its area can be used to represent the 
variance. By plotting the heights of histogram I(Wk)  against cok , a periodogram is 
obtained, where 
N 2 
I(C.Ok ) =7t7-r C k 
N 2 
i(7r) = 7TA N/2 
(for k # 14) 
(3.7) 
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(3.4) 
2 
t=1 k=1 	2 
(3.5) 
(3.6) 
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Harmonic analysis is used in Chapter 4 and 5 to study the annual and semiannual cycles 
of SST and wind field. Smothing of the periodogram is necessary to estimate the 
continuous spectrum. 
3.6.2 Spectral analysis 
Harmonic analysis is appropriate for studies of oscillations with known frequencies. 
However, there are still many variations of atmospheric and oceanic phenomena with 
unknown and continuous frequencies. It is often more suitable to use a spectral density 
function f(co) (i.e. spectrum) to describe the contribution at a band of frequencies. The 
spectrum f(co) can be shown as the limit of the periodogram when the number of 
samples N ---> oo.  While the I(o)) is asymptotically unbiased, it can be shown that the 
variance of I(o.)) does not decrease as the number of sampling N increase. Therefore, 
I(o3) is not a consistent estimator for f(co) (Chatfield, 1975). 
It can be shown that by smoothing the periodogram, that is 
N/2 
(CO) = 	1(0.1)W (CO - CO) 
k=-NI 2 (3.8) 
A
- where W(0) is a spectral window with some conditions, the f (c) ) is an asymptotically 
unbiased estimate of f(c0), and is a consistent estimate due to its variance tending to zero 
when N --> .0. (Chatfield, 1975; Priestley, 19'81). In Chapter 4, an IMSL subroutine 
SSWD is used to estimate the spectral density of SST. 
A 	 2 
It can be shown that v f(Cs) yfcco) is approximately distributed as Z, (Chatfield, 
1975: Section 7.5) where v is called the nuthber of degrees of freedom. Therefore, 
the 100(1-a)% confidence interval is given by 
V iS( 	t 0  ,v1/21?( )  ,v2 
Av,a /2 	Av,1-a /2 
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It can be seen that by plotting spectral estimates on a logarithmic scale, the confidence 
interval for the spectrum is simply represented by a constant interval about the spectral 
estimates (Jenkins and Watts, 1968: Section 6.4.2): 
A 	 V  log f (co ) + log 2 	to log i(co ) + log 2 v  
Xv,a /2  
When smoothing the periodogram in groups of size m, it can be seen that v equals to • 
2m. 
3.6.3 Filtering techniques 
Filtering techniques are often used to pre-process the data before any analysis is done. 
This technique allows a particular band of frequencies to be highlighted for further 
study. Filters may be sub-divided into low-pass, high-pass, band-pass and band-
rejection depending on their frequency response (Bellanger, 1984). It may be shown 
that all the above filters can be easily constructed from the low-pass filter (Bellanger, 
1984; Hamming, 1983). Therefore the design of a low-pass filter will be discussed 
below: 
The design of digital filters is based on Fourier transform theory. For a function x(t), 
its Fourier transform X(f) in frequency domain can be written as 
\ • 
X(f) = 	x(t)e-j2ff ftdt 	 (3.9) 
where 	x(t)= X(f)ei2x ftdf 	 (3.10) 
x(t) can be seen as the inverse Fourier transform of X(f) through (3.10). 
Physically, the Fourier transform X(f) describes how the power distribution of a 
function x(t) varies with frequency (Jenkins and Watts, 1968). Suppose a new 
function y(t) can be defined as 
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y(t) = ist(u)x(t — u)du 	
(3.11) 
It can be shown that 
Y(f) = H(f) X(f) 	 (3.12) 
where Y(f), H(f) and X(f) are the Fourier transforms of y(t), h(t) and x(t) respectively 
(Jenkins and Watts, 1968). 
According to the Parseval theorem, the energy of Y can be expressed as 
IY(01= IH(Ol• IX(f)1 
therefore, if the amplitude response of a low-pass filter is one between 0 and a cut-off 
frequency fc, its properties may be described as (Hamming, 1983): 
for 0 5_ Ift <fc 
elsewhere 
(3.13) 
and, of course 
H(-f) = 1-1(f) 
The amplitude response of filtered data should have the following properties: 
IY(01 = IX(f)I 	for 0 	If I < fc 
= 0 	elsewhere 
Therefore, the Fourier explanation of H(f) could be written as 
0.5 
h k = 4 SH (f )cos (2,7rkf )df 
0 
f. 
= 4Scos(27rkf )df 
0 
sin 27r kf c 
=2f 2ir kfc 
(3.14) 
(3.15) 
H(f) = 2f c + 2
i1 sin 2 r 
irk 
kfci cos 2irkf 
k=1 
(3.16) 
Therefore, the corresponding Fourier series is 
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In practice, it is necessary to limit the number of coefficients in hi to No, where No 
N. This truncation in fact can be seen as multiplying the impulse response hi by a time 
window gi which has the following properties: 
N 	N 
	
gi = 1 	 for _ _o < t <, o 2 — 2 
0 elsewhere 
(3.17) 
The Fourier transform of this function is written: 
sinfN A 
G(f)= N o 	fi\TO " 	 (3.18) 
Therefore, the real filter, with a limited number of coefficients N, has the following 
convolution product Hg(f) as its transfer function (Jenkins and Watts, 1968): 
H g(f) = f -1-1(0G(f - f)cif 	 (3.19) 
By limiting the number of coefficients, ripples are introduced and the steepness of the 
cut-off filter is limited. These problems can be \further ameliorated by designing special 
windows. For the present study, equation (3.16) will be used. 
It has been pointed out that the number of coefficients and filter characteristic have the 
following relationship (Maurice, 1984): 
2 N. =log ( 10-71-7) fiAf 
I 2/ 	 (3.20) 
where (51 is the passband ripple, ; is the stop band ripple, f s is sampling 
frequency and Af is the transition band. 
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In the present study, fe=ln, let Si = 0.05, 82 = 0.05 and f= 0.04, we have 
Ne=27. For fe=1/60, let 8 1 = 0.1, 82 = 0.1 and L f= 0.005, we have Ne=13 3. 
3.7 Empirical Orthogonal Functions (E0F) Analysis 
In the last two decades EOF analysis has become very popular in meteorological and 
oceanographic studies (Barnett, 1977; Weare, 1977). There are three important reasons 
for its popularity (Ware and Nasstrom, 1982). The first is that this method often 
enables a description of the spatial and temporal variability of a complex geophysical 
field with a relatively small number of functions and associated time coefficients. The 
second reason is that the most important of the derived empirical functions often are 
amenable to physical interpretation which may give substantial insight into complex 
processes such as oceanographic variations (Weare et al., 1976) or short-term climatic 
changes (Weare, 1979). The third major reason is that the method is applicable to any 
variable observed on any grid, regardless of whether the grid is regular or not. 
Whetton (1986) provided a comprehensive review of this method. 
In this section, the method will be briefly described. For the simplicity of the 
discussion, it is assumed that the mean of the data have been removed, so that :7 . =0. 
Now, in meteorological and oceanographic stUdies, it is often necessary to examine a 
spatial feature and temporal features of a variable field. One way to do it is to partition 
the field into two; a temporal and a spatial field. This can be done by EOF analysis. 
A field X, consisting of m stations with n observations (in time), may be expressed in 
a matrix format as follows: 
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X = 
	 stations 
- 
X11 X12 	Xim 
X21 X22 	X2.6 
_XA1 Xx2 
time (3.21) 
Suppose X ( m stations and n observations) can be expressed as a linear combination 
of two matrices C and V, i.e. 
(3.22) 
In the following analysis, it will be shown that C and V can be derived from X. 
Furthermore C is a time dependent matrix whist V describes the spatial domain. 
A matrix A may be derived such that 
A = —1 XX 
(3.23) 
then keeping in mind that X- 	it can be seen that the diagonal elements of A are the 
variances of the data for each of the m stations, and the off-diagonal terms are the 
covariances between stations. It is clear that A is real and symmetric. From the theory 
of linear algebra (Hohn, 1964, Chapter 8), there will exist an orthogonal matrix V and 
a unique diagonal matrix D which meet the relation: 
D=V'AV 	 (3.24) 
and 
V'V=VV'=I 	 (3.25) 
It can be shown that the columns of V are eigenvectors of A and the diagonal elements 
of D are the corresponding eigenvalues. Formula (3.25) shows that the eigenvectors 
(columns of V) are of unit length. 
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In other words, 
1 D =V'AV =V' —X'XV = —1 (XV) ' (XV) 
let 
i.e. 
then 
that is 
x11 
X2I 
X„ 1 
xI2 
X22 
X„2 
C=XV, 
C11 	Cl2 
C21 	C22 
C,11 	C„2 
X=CV' 
Xi m 
X2„, 
•• • 	X„„, 
• • 
• 
•• 
•• 
CI 
C21 
C„ 1 
C2,9 
Cl2 
C22 
• 
C„ 2 
C,',' _ 
x1 1 
x21 
•• • 
•• • 
x12 
X„ 2 
C1  
C2„, 
C„„, 
•• • 
I 
V12 
_VI„, 
Xim 
X„,, 
V2I 
V72 
V2„, 
• 
•• 
VI I VI2 
V 	V22 ,21 
V,,,1 	V ,, 
- v 
V„,2 
• V,,,,,, 
••• Vim 
•• 	V2„, 
•• 	VMUII 
This row corresponds 1 	the 	first eigenvector 
(3.26) 
(3.27) 
(3.28) 
to 
This column corresponds to the 
time series for pattern 1 
then 	= —C'C 
	
(3.29) 
Formula (3.28) shows that a data field X can be represented by a product of C and V, 
1 
where V is a matrix consisting of the eigenvectors of matrix A (3.23 and 3.24), 
representing spatial patterns, and C is a matrix calculated from (3.27), consising time 
series corresponding each spatial patterns. 
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Chapter 4. The Variability of Sea Surface Temperature 
4.1 Introduction 
SST has been found to be one of the most important factors in the global climatic 
system, especially over tropical oceans. SST, wind, water vapour and deep convection 
in the tropical atmosphere are closely correlated through the action of sensible and latent 
heat fluxes. The apparent correlation between the location of the maximum centre of 
convection and the SST maximum in tropical areas has highlighted the importance of 
SST (Figure 4.1, after Lukas, 1987; World Meteorological Organization: Figure 5.1, 
1985). Along the equator, a warm pool with an annual mean SST greater than 30°C is 
located near Papua New Guinea, while a cold tongue of 20°C, related to the Peru 
current and upwelling (Wyrtld, 1982), stretches from the coast of South America along 
the equator to the central Pacific. This distribution of SST in the Pacific maintains the 
zonal Walker circulation, with large-scale convection in the Indonesia-North Australian, 
area, and descending air prevailing in the eastern Pacific Ocean. 
The seasonal variation of SST suggests another aspect of its correlation with 
convection. There are systematic longitudinal changes in phase and amplitude of the 
seasonal cycle in SST. Near the coast of Peru, the highest SST & 	occur during 
March, while further west along the equator, the highest SST(.,17._ 	occur 
progressively later and with diminished amplitude (Wyrtki, 1965; Horel, 1982; 
Rasmusson and Carpenter, 1982). While thelfirst harmonic component of the annual 
cycle is dominant in the area beyond the tropics and northwest Indian ocean, the second 
harmonic component contributes more than 60% of the variance of the seasonal cycles 
in the region extending southeastward from the Arabian coast, and 30-60% in the 
western equatorial Pacific (Levitus, 1987). The seasonal SST variation is consistent 
with the analysis of convection presented by Meehl (1987) who showed that the 
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Figure 4.1 Annual mean sea surface temperature (a) from Levitus (1982) and annual 
mean outgoing longwave radiation (b) from NOAA Atlas #6. OLR values of 
less than 240 Wm-2 are considered to be indicative of intense convection in the 
tropics. This contour line is darkened. The regions of most intense convection 
with OLR <220 Wm-2 are shaded. Note that with exception of the western 
Pacific warm pool core, these regions are found over land masses (From Lukas, 
1987). 
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longitude-time contour map of outgoing longwave radiation (OLR) has a clear 
semiannual cycle in the western Pacific (100°-170°E) and an annual cycle in the eastern 
Pacific (Meehl, 1987: Figure 3a). This coherence between SST and convection 
suggests that there are strong connections between them which justify further study. 
Interannual variations of SST provide further evidence regarding its relationship with 
convection. While the annual variation of SST in the warm pool from the mid-Indian 
Ocean to the western pacific is very small, the interannual variation of SST in this area 
could be larger (World Meteorological Organization, 1985). Gill and Rasmusson 
(1983) documented that this warm pool migrated eastwards and a vine of anomalous 
convection followed it in 1982-1983. By studying the SST data of 1984-86 we can 
examine whether this relationship is unique to the 1982/83 ENSO event or whether it is 
a feature of other ENSO events. 
Recent studies of SST and convection reveal the complexity of their relationship, 
especially in the western Pacific. Graham and Barnett (1987) have documented two 
important links between SST, surface wind divergence, and convection. First, over 
broad regions of the Indian and Pacific oceans, SSTs in excess of 27.5°C are required 
for large-scale deep convection to occur. However, SSTs above that temperature are 
not a sufficient condition for convection and further increases in SST appear to have 
little effect on the intensity of convection. Second, when SSTs are above 27.5°C, 
surface wind divergence is closely associated with the presence or absence of deep 
convection. Steiner and Khalsa (1987) obtained similar results by studying the 
relationship between SST, HRCs. They show that convection was poorly correlated 
with SST and lower tropospheric moisture in the western Pacific, but was highly 
correlated in the eastern Pacific. Gutzler and Wood (1989) find that OLR anomalies are 
significantly correlated with SST and surface convergence anomalies in the eastern 
Pacific but are uncorrelated in the western Pacific. On the other hand, OLR and 850 
mb convergence anomalies are significantly correlated from about 120°W westward but 
are uncorrelated in the eastern Pacific. 
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In spite of the studies on the annual and interannual variations of SST mentioned 
above, questions on the SST/convection relationship still remain unanswered. Firstly, 
what are the main features of SST over the western Pacific before and during the 
1986/87 ENSO? What are the similarities and differences of this event compared with 
other ENSO events? What are their implications to convection in the area? Secondly, 
strong semiannual cycles of SST and OLR have been shown over the area from the Bay 
of Bengal to the ocean north of Australia (Levitus, 1987; Meehl, 1987). What are the 
reasons for these cycles? Although solar radiation has a semiannual peak in tropical 
• regions, the process would not explain the lack of semiannual cycles in the eastern 
tropical Pacific. Are there any thermal or dynamical connection between SST and 
convection in this aspect? Are there any corresponding semiannual cycles of OLR over 
the same area? Thirdly, Steiner and Khalsa (1987) and Gutzler and Wood (1989) 
reported no close relationship between SST and convection over the western Pacific, 
while the study of Gill and Rasmusson (1983) suggests a connection. Graham and 
Barnett's (1987) result suggests that SST is not the only factor controlling convection 
in the western Pacific. What are the missing factors? How do they interact each other? 
We will try to answer some of these questions in this chapter and leave some for 
discussion in later chapters. 
The contents of this chapter are organized as follows: in Section 4.2, the seasonal and 
annual average during the period 1984-86 are analysed and compared to the 
climatological SST distribution. In Section 4.3, the annual and semiannual cycles of 
SST will be examined using harmonic analysis, and the results will be compared with 
earlier studies. In Section 4.4, the spatial patterns of SST at different time scales will 
be examined using EOF analysis. The dominated patterns and their corresponding time 
series are discussed. A summary and discussion will be presented in the last section. 
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4.2 Seasonal Means of SST 
Understanding the SST climatologies in the area from the mid-Indian ocean to the 
western Pacific would help us to identify the special features of SST during 1984-86, 
thus providing a background to understand convection in this area. The compilation of 
SST climatologies has been long an important task for oceanographers and 
meteorologists. SST climatologies derived from different observation systems and 
with different spatial scales are presently available (Robinson, 1976; Levitus and Oort, 
1977; Robinson et a/., 1979; Strong and Pritchard, 1980; Levitus, 1982; Reynolds, 
1982; Sadler, 1987a, b; Japan Meteorological Agency, 1989). Reynolds (1983) has 
compared several SST climatologies based on either surface marine observations 
(bucket, engine intakes, buoy readings) or oceanographic cast observations (Nansen 
and conductivity-temperature-depth (CTD) hydrographic stations and XBTs) by 
examining difference fields of these climatologies for individual months as well as 
computing root-mean-square differences between them. He concluded that the surface 
marine climatologies were generally superior to the cast climatologies due to the higher 
data density of surface marine data. Levitus (1987) further examined two climatologies 
based on data sets from the National Oceanographic Data Centre (NODC), Washington 
DC (consisting in one-degree objectively analyzed monthly means, based on 
approximately 1.5 million temperature sounaings) and the Comprehensive Ocean-
Atmosphere Data Set (COADS, based on monthly objective analyses of a subset of the 
70 million historical merchant ship reports), respectively. By examining the amplitude 
and phase of the first two harmonics of each climatology, as well as the percent 
variance contributed by each harmonic to the annual cycle, he found excellent 
agreement between the two sea surface temperature climatologies in the first two 
harmonics. 
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From the above studies it is possible to list the main features of the SST climatology of 
the study area: 1) The western Pacific contains the warm pool of high SST which is 
responsible for the maintenance of large-scale convection in the northern Australian and 
Indonesian areas. A small variation of SST in this area will greatly influence the 
development of ENSO events; 2) The amplitude of the annual variation in the tropical 
band decreases from its largest magnitude in the eastern Pacific to a very small value in 
the western Pacific. In turn, the time of the warmest SST is earliest near the coast of 
Peru (occurring in March), and is delayed in the westward direction; 3) In the western 
equatorial Pacific, the amplitude of the annual cycle of SST is generally smaller than the 
amplitude of its interannual variation. On the other hand, the amplitude of the 
interannual variations are linked to the build up and collapse of ENSO events; 4) 
semiannual cycles develop in the area of the Asian and Australian Monsoons. 
The annual mean of SST in the period 1984-86 estimated from the MCSST data is 
presented in Figure 4.2a. It shows that the 28°C pool is mainly confined between 10°S 
and 10°N while the 29°C pool is located to the east of Papua New Guinea between 7°S 
and 2°N. The eastward shift of this warm centre during ENSO events is thought to be 
the mechanism that controls anomalous deep convection in the atmosphere (Rasmusson 
and Carpenter, 1982; Gill and Rasmusson, 1983). The results presented in Figure 4.2 
are very similar to those presented by the climatologies cited above, especially Levitus 
(1982) and the Japan Meteorological Agency (1989), which used long-term 
observations of temperature profiles and surface weather reports to arrive at mean 
climatologies for the study area. Both of them show that the 28°C isotherm stretches 
eastward from the southeast end of Papua Nelw Guinea, crosses the Philippine Islands 
north of Manila, dips down to about 5°N in the South China Sea and back up to the 
south end of Vietnam, touches Jakarta and meets Darwin in northern Australia. The 
agreement with the data presented in this study is encouraging in that it suggests that the 
three year mean field is similar to the long term climatology. Furthermore, the 
Figure 4.2 Annual mean (a) and standard deviation (b) of sea surface temperature (°C) 
during the period of 1984 to 1986. 
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Figure 4.3 Seasonal mean (a) and standard deviation (b) of sea surface temperature 
during the period of 1984 to 1986: December-January-February. 
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Figure 4.4 Seasonal mean (a) and standard deviation (b) of sea surface temperature 
during the period of 1984 to 1986: March-April-May. 
72 
80 
	
90 
	
109 
	
120 
	130 
	140 
	
150 
	
150 
	
170 
80 	90 	100 	110 	120 	130 
	140 
	
150 
	160 
	
170 
MCSST SEASONAL MEAN JJA(1984-66) 
40 
30 
20 
10 
-10 
720 
-30 
40 
b) 
MCSST SEASONAL STDV JJA(1984-86) 
Figure 4.5 Seasonal mean (a) and standard deviation (b) of sea surface temperature 
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Figure 4.6 Seasonal mean (a) and standard deviation (b) of sea surface temperature 
during the period of 1984 to 1986: September-October-November. 
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agreement also points to the general reliability of the satellite technique used in this 
study to derive the SSTs. 
The standard deviation was calculated from five-day running mean temperatures and as 
such represents variances with time scales ranging from days to years (Figure 4.2b). It 
is very obvious that the standard deviation of SST north of 20°N is much higher than 
the equivalent value for the same latitude in the southern hemisphere. This is due to the. 
strong influence of the Asian Monsoon. The standard deviation near the equator is 
smaller, and the 1°C isotherm is mainly confined to latitudes between 10°S to 10°N. 
The importance of small changes in temperature in this region has been discussed in 
terms of dynamic models constructed by Keshavamurty (1982) and Palmer and 
Mansfield (1985). They argue that on physical grounds, the relation between saturated 
vapour pressure and temperature is exponential in nature. Therefore a small change in 
temperature of a warm ocean will create a very large change of vapour pressure which 
is critical to the development of convection. Their models support this argument. The 
observations of the shift in the 29°C isotherm, followed by the shift in deep convection 
in the 1982/83 ENSO event (Figure 5 of Gill and Rasmusson, 1983; Figure 5.1 of 
World Meteorological Organization, 1985), further supports the importance of small 
temperature changes. Also, the observational studies by Nicholls (1989) show that the 
warm water region of the eastern Indian Ocean is also an important control on the 
climate system. 
Four seasons are defined to observe the seasonal patterns. They are DJF (December-
January-February), MAM (March-April-May), JJA (June-July-August) and SON 
(September-October-November). The main features of the mean field and its standard 
deviation are described below to give a general description of the annual march of 
isotherms. 
Figure 4.3 shows the seasonal mean and standard deviation of SSTs in DIP. One of its 
major features is that the 29°C isotherm extends to the west of Papua New Guinea and 
75 
covers the seas north of Australia in the eastern Indian Ocean. The western edge of the 
29°C pool almost exactly matches other climatologies (Sadler, 1987a, b; Japan 
Meteorological Agency, 1989). The standard deviation of SST in DJF in Figure 4.3b 
shows that the minimum centre is along the zonal band from 5°N to 15°N, which 
implies that SST varies very little in the three months in this area. This feature is 
consistent with the region of maximum solar radiation in the southern hemisphere, and 
the southward shift of the ITCZ is in agreement with the region of maximum SST. The 
minimum standard deviation zone is not coincident with the 29°C isotherm, but usually 
encompassed the 27° to 29° isotherm region. This is a consistent feature of all the sea-
sonal diagrams to be shown. This observation will be discussed further in Chapter 6. 
Figure 4.4a shows the mean SST in MAM. The 29°C isotherm moves westward, 
covers most areas around Malaysia and Papua New Guinea, i.e. from 110°E to 170°E, 
and extends as far as the Arabian Sea. The 0.5°C isotherm in the standard deviation 
distribution (Figure 4.4b) shows a southwest-northeast orientation structure. 
The virtual disappearance of the 29°C isotherm in JJA is the most striking feature of 
Figure 4.5a. This feature accompanies a northward movement of the 28°C pool. The 
standard deviation isotherms in Figure 4.5b loses its band structure which was evident 
in the previous seasons. The 0.5° C standard deviation is spread evenly in the area 
between 15 °S and 20°N, while the whole area south of 27°N is covered by the 1.0°C 
isotherm. 
The 29°C isotherm, covering the area between 8°S and 8°N, again appears in the mean 
SST pattern for SON (Figure 4.6a). The 0 1.5°C isotherm of standard deviation in 
Figure 4.6b covers the area from 5°N to 20°N. 
The annual and seasonal mean SST fields for the period of 1984-86 show a good 
agreement with other SST climatologies. This fact further confirms the validity of 
MCSST for use in studies of air-sea interaction. In addition, it suggests that the SST 
fields in the three years of this study have not shown any significant departures from 
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the long-term climatology. Therefore they provide a background to judge the other 
features of the SST field and their relationship with large-scale convection. 
4.3 Annual and semiannual cycles of SST 
Harmonic analysis (see Chapter 3) has been applied to each grid point of the MCSST 
field to study their annual and semiannual cycles. The number of observations (N) is 
548 representing SST at two-day time intervals during 1984-86. The results of the 
analysis will be described and mainly compared to a similar study by Levitus (1987) 
who composited all available historical data into monthly climatologies for the two 
climatological data sets (>100 years), respectively. 
The results for the annual oscillation have been presented in Figure 4.7a. The 
amplitude of the oscillation is represented by the length while the phase of the 
oscillation is represented by the direction of arrow. An arrow pointing east means that 
SST reaches its annual maximum on the 1st of January, while north represent the 1st of 
April. It is noted that maximum amplitudes occur in the rtorthern hemisphere 
offshore of Japan where a cold winter mass breaks out from the adjacent continent. 
The large transfer of heat from the ocean to the atmosphere determines, at least in part, 
the magnitude and position of the maxima. It should be seen clearly that the amplitudes 
of the annual cycle in the area north of 25°N, are much larger than those at the same 
latitude in the southern hemisphere. This is mainly due to the response of the stronger 
Asian monsoon compared to the Australian monsoon. It should be noted that while 
most of the area in the northern Pacific has similar phase angle, the oscillation phase in 
the north Indian Ocean is similar to that in he southern hemisphere as far north as 
10°N. The boundary between these two areas runs from Sri Lanka to the Malaysian 
peninsula, to the Moluccas and Irian Jaya. This boundary might also partition the 
effective area dominated by the Asian Monsoon and the Australian Monsoon. It should 
be also noted that the amplitudes of annual oscillation in the areas from South 
China/Southeast Asia to the northwest Australia are largest among those at same 
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latitudes. The relationship between SST and monsoons will be further discussed in the 
next chapter. 
Levitus (1987) was interested in comparing the COADS merchant ship data set with the 
NODC temperature soundings. In his analysis he included global maps of the 
amplitude of the first and second harmonics as well as their phase. In a similar fashion 
to this study, maximum amplitudes were also reported along 47°N out of the coast of 
Japan. The amplitudes of annual cycles are also much higher in the northern 
hemisphere than in the southern hemisphere for the same latiiude. He found his results 
are highly consistent with other earlier studies (Wyrtld, 1965; Tchernia, 1980; Horel, 
1982; Merle, 1983). Agreement is also good in phase angles of annual cycles between 
the Levitus analysis and this study. 
The contour map of the percentage variance of the annual cycle over the total variance 
give further insight into the annual cycle (Figure 4.7a). It is noted that the 75% contour 
line lies at 15°N in the northern hemisphere, and around 10°S in the southern 
hemisphere. The equatorial areas from mid-Indian Ocean to 165°E in the western 
Pacific are confined to the 25% contour line. These patterns are similar to those 
presented by Levitus (1987) except that for any specific locations, the value of the 
percentage in this study is generally lower than those in Levitus' studies by 10-20%. 
This is mainly due to two reasons. Firstly, the Levitus analysis was performed on long 
term monthly averaged SST fields, therefore, the interannual variance has been 
incorporated into the annual variance or filtered out. Secondly, Levitus used monthly 
mean SST data which eliminates most of the short time scale variance. In contrast, in 
this study the five-day running average MCSST data (sampled every second day) has 
been used. Therefore, the total variance includes considerable high frequency variance 
as well as interannual variance. 
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Figure 4.8 Gridpoints of MCSST field and 18 smpling locations (marked by a — 
r) selected for monthly time series in Figure 4.9. Two shading areas 
represent the centres revealed by the first EOF pattern of anomalous 
MCSST discussed in Section 4.4. 
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Figure .4.9 Time series of three-year averaged monthly MCSST and Sadler's (1987a,b) 
SST climatologies at 18 selected locations along the equatorial zone. 	 Co 
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These main features of the annual cycle can be further confirmed and visualized in the 
annual variation of SST at 18 locations (Figure 4.8) presented in Figure 4.9. The solid 
lines represent monthly SST climatologies from Sadler (1987a, b) and the dashed lines 
represent the 3-year averaged monthly MCSST. It can be seen firstly that the monthly 
MCSST agrees well with Sadler's SST. Secondly, it is of interest to see that the 
phases of the annual cycles along the 10°S are almost the same for various longitudinal 
zones, i.e. the minimum SST occurs in July-August-September and the maximum in 
February-March-April. By contrast, along 10°N there is a marked longitudinal shift in 
the time of the maximum SST. The maximum SST occurs in May along 70°E, June 
along 130°E, August along 150°E and in September along 170°E. 
The semiannual oscillation is presented in Figure 4.7b where the arrow pointing to the 
east represents both the 1st of January and the 1st of July, while the arrow pointing to 
the north represents both the 16th of February and the 16th of August. Large 
amplitudes occur in the area north of 30°N due to the asymmetry of the SST annual 
oscillation. Of more interest, is the Indonesian and northern Australian area which 
shows the largest amplitude in the region. In addition, the oscillation phase in this area 
shows similar phase to those in the both hemispheres from 20°N to 20°S. The phase 
poleward of 300  latitude in both hemispheres is different from that in the tropical area, 
suggesting that the semiannual oscillation is dominant in tropical areas and is generated 
by different mechanisms than those in higher latitude. The entire region from South 
China/Southeast Asia to Northwest Australia experiences a semiannual oscillation with 
the same phase on both sides of the equator. 
The contour map of the percentage of the variance related to the semiannual cycles over 
the total variance further supports the above features (Figure 4.7b). There are two high 
centres, one is in the Bay of Bengal and the other is along the Malaysian Peninsula-
Papua New Guinea. Again, this pattern agrees with Levitus' results. He noted that 
the second harmonic component contributes more than 60% of the variance of the 
annual cycles in the region extending south-eastward from the Arabian coast, and 30- 
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60% in the western equatorial Pacific. It should be pointed out here, as in the case of 
the annual cycle, that the values of the percentage in this study are also smaller than 
those presented by Levitus. The reasons for this discrepancy have been discussed 
earlier when the case of the annual cycle was considered. 
Further insight into the semiannual oscillation may be illustrated using the results of 
Meehl (1987). In his study he produced contour maps of OLR for various months. 
These results are presented in this thesis as Figure 4.10. The maximum OLR anomaly, 
which is shown shaded, undergoes a seasonal shift from 'west to east. Maximum 
intensity occurs during JJA at 90°E, which can be attributed to the Asian monsoon. As 
time progresses the zone of maximum OLR shifts eastward so that by February, there 
is a zone of convection extending from approximately 100° to 180°E. In fact, 
comparison with Figure 4.7 shows that the July pattern of maximum OLR (Figure 
4.10a) corresponds to a large amplitude of the semiannual oscillation in the Bay of 
Bengal. The minimum phase angles of semiannual cycles of SST in this area are in 
April and October which corresponds to a time interval prior to and after the maximum 
OLR. 
The zone of maximum semiannual amplitude between 100°E to 140°E in tropical areas, 
seems to be related to zones of maximum OLR. In the northern hemisphere it occurs in 
July and in southern hemisphere, it occurs in January (see Fig 4.7b). As in the case of 
the Bay of Bengal, the phase of the semiannual oscillations indicated a build up prior to 
the time of maximum OLR and a decay during and after the maximum OLR event. 
The relationships shown here indicate that thel spatial and temporal patterns of SST are 
intimately related to convection as evidenced by the OLR patterns. It also suggests that 
the pattern shown in Figure 4.7 is dominated by monsoonal events. These points will 
be discussed further in Chapters 5 and 6. 
It is also worth investigating the contribution of higher frequencies to the total variance. 
This is an important task since other studies have shown convection events to have an 
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Figure 4.10 Long-term means (eight years) of OLR for the peiod covering June 
1974-November (1983), for the Indian and Pacific sectors for (a) July, (b) 
October, (c) January, (d) April. The longitude-time contour plot is shown in 
(e).(after Meehl, 1987) 
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oscillation of 40-60 days (Lau and Chan, 1985; Knutson and Weickmann, 1987). 
Eighteen SST time series were selected in the study region encompassing 10°N to 10°S 
and longitudes 70°E to 170°E. These are shown as crosses in Figure 4.8. Spectral 
power analyses were carried out for these sites. 
The analysis used a linear interpolation to replace missing values. These consisted of 
61 missing observations out of 548. The longest continuous number of missing 
observations was 16. Annual and semiannual cycles have been removed before the 
periodograms are calculated. A subroutine in the spectral analysis (PP technique) of 
the IMSL has been used to obtain the power spectra. 548 spectrum power values have 
been obtained for each of the 18 grid points along the equatorial area from mid-Indian 
Ocean to mid-Pacific. A frequency window of six equally weighted sampling points 
has been used to smooth each curve, and an average curve has been obtained for all 18 
grid points. Since the data in its original form consisted of 5-day running averages, it 
is meaningless to consider frequencies of less than one cycle per ten days. The 
spectrum distribution has been shown in Figure 4.11. As described in Chapter 3 
regarding the spectrum analysis, the number of degrees of freedom is 2m for each 
estimates of the spectrum where m=6. Therefore, the number of degrees of freedom of 
the averaged spectrum equals 2m times 18 (grid points) which equals 216. An error 
- 
bar with a confidence level of 95% is also displayed. As may be noticed, there are no 
c-- - any noticeable peaks the power spectrum. Therefore, when considering the studied 
equatorial regions as one area, the intraseasonal oscillations of SST are not significant. 
4 .4 EOF analysis 
1 
In the previous sections various aspects of the mean SST field were studied. The 
seasonal variability was observed by averaging the data on a three month period for 
three years. Annual and semiannual oscillations were also studied using harmonic 
analysis. In this section the space and time scales of variability will be studied in 
greater depth by the use of EOF analysis. This technique allows the identification of 
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Figure 4.11 Spectral distribution of averaged 18 time series. 
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the dominant pattern of SST, contributing most to the variance in the SST field in the 
time span covering the study period. In some cases the variance may be attributed to 
real physical processes, and therefore these patterns may help understand the 
underlying causal mechanisms. 
As mentioned in Chapter 3, given an anomalous SST field, denoted as X with n 
stations and m measurements in time, it is possible to derive an n x n correlation matrix. 
A. Given this real and symmetric matrix A, it is possible to obtain a unique diagonal 
matrix D and orthogonal matrix V such that 
D = V'AV 
the values of the i-th element of the diagonal matrix may be ranked in order of 
magnitude, which corresponds to ranking the columns of V. These columns define the 
time-independent, spatial patterns of temperature. Alternatively, it is possible to 
construct the temporal matrix C such that 
C = XV 
Thus each column of C represents the time series corresponding to a particular 
eigenvector pattern. In the literature both the spatial patterns in the eigenvectors and 
time series are presented for analyses. In this chapter, the normal EOF technique has 
been applied to the deviations from the seasonal cycles of the MCSST data. The whole 
process can be outlined as follows: the mean value and the annual and semiannual 
cycles are removed from the original data, which is then normalized by its residual 
variance. The correlation matrix is then calculiated for the EOF analysis. 
Few studies have covered EOF analyses of SST for this study region and no previous 
studies have concentrated on the eastern Indian Ocean/western Pacific region. White et 
al. (1985) used ship observations over a four year period (1979-1982) in the Pacific 
basin to arrive at a series of patterns. They showed a positive anomaly off the Peruvian 
coast which extended westward to the dateline. A negative anomalous SST in the 
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western Pacific extended eastward to the dateline. The time series corresponding to this 
pattern is dominated by a sharp rise in the anomalies prior to the onset of the 1982/83 
ENSO event. Weare (1987) used composite EOF analysis of SST to arrive at a first 
pattern which was quite similar to that of White et al. (1985). 
In contrast to the above studies, high spatial and high temporal satellite-derived SSTs 
are used in the study region. It is expected that this analysis will highlight the spatial• 
coherence between the, eastern Indian Ocean and the western Pacific Ocean. 
There are 507 grid points in the entire study area. That is to say, there are 507 EOF 
patterns in theory. The results of the analysis show that the first 3 patterns explain 
44.3%, 15.1%, 10.3%, respectively, with the accumulating sum of 69.7%. The main 
features of these three patterns and their corresponding time series are discussed below. 
The patterns allow a compact description of SST variation during 1984-1986, however 
due to the short time-series they may not be stable for longer periods of time. 
The first spatial pattern of EOF representing 44.3% of the total variance is shown in 
Figure 4.12a. It can be seen clearly that one positive centre is located at 170°E near the 
Equator at the western end of the Pacific equatorial cold tongue while a negative centre 
is located in an area from 35°S to 15°S to the west of Australia. This implies that the 
SST anomalies in these two areas are out of phase. The linearly increasing trend of the 
time series corresponding to this spatial pattern (Figure 4.12b) suggests that during 
these three years, positive SST anomalies have been building up in tropical areas near 
the dateline while negative anomalies have prevailed in the eastern Indian Ocean. This 
coincides with the positive anomaly build-4 before the ENSO onset, also noted by 
White et al. (1985) in the Pacific basin. A trough associated with the negative centre 
extends from the southeast to the northwest in the south Indian Ocean while another 
trough in the north Pacific extends from northeast to southwest. A few major 
oscillations can be related to annual and semiannual cycles. Prior to 1986-87, there is 
a tendency for warm water to build up in the western Pacific. However the patterns are 
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Figure 4.12 The spatial pattern (a) and its time component (b) for the first 
eigenvector pattern E0F1 of SST anomalies. Dashed lines in (a) 
represent negative values.. 
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Figure 4.14 Same as Figure 4.12 except for the third eigenvector pattern E0F3 
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still subject to modulation of the annual and semiannual cycles which dominate the SST 
fluctuations in this area. 
In order to test whether the pattern of the first oscillation could be seen in the original 
MCSST data, time series of SST were chosen at two locations in the study area (Figure 
4.8); one in the positive anomaly centre in the equatorial areas near the dateline, and the 
other in the negative centre of the west Australian coast (Figure 4.12 and Figure 4.8). 
The two time series are highly negatively correlated (Figure 4.15a). The cross 
correlation reaches a peak (-0.61) with a lead of 10 days (Figure 4.16b). That is to 
say, when the south eastern Indian Ocean has a positive anomaly, there will be a 
negative anomaly in the mid-Pacific or vice versa. The SST in the Indian Ocean will 
lead the Pacific by about 10 days. 
To further confirm our results, a contour map of the correlation coefficients of SST at 
the middle equatorial Pacific (0°, 175°E) to all grid points has been presented (Figure 
4.1b). It can be seen that SST in the mid Pacific is indeed negatively correlated with 
the SST in the south eastern Indian Ocean adjacent to Western Australia. 
No obvious modulation of the annual and semiannual oscillations is evident in the time 
function of White et al. (1985) for their first eigenvector. There are a few explanations 
for this difference. The most important one is that the area covered in the two studies 
are different. White etal. (1985) concentrated in the entire Pacific Basin, from 50°N to 
20°S. By contrast this study focused on a region bounded by 75°E to 180°E and 40°N 
to 40°S which is dominated by monsoons. Secondly the time span of the two studies 
are different, with White et al. (1985) conbentrating in the period preceding the 
outbreak of the 1982/83 ENSO event. Thirdly, the temporal and spatial resolution of 
the data are different. 
The second EOF pattern (15.1% of the total variance, see Figure 4.13a) shows another 
interesting feature. There are two positive centres located in the North Pacific near 
20°N and the southeastern tropical Indian Ocean. The time series corresponding to this 
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Figure 4.15 Time series (a) and their cross correlation coefficients (b) of MCSST near 
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pattern (Figure 4.13b) suggests these anomalies are in phase and are more likely related 
to interannual oscillations during 1984-1986 with a time scale of two to three years. 
The two positive centres do not coincide with their corresponding centres in the first 
EOF pattern. Rather in the case of the Pacific centre, it is displaced northward to 
latitudes between 20°N to 25°N. The Indian ocean centre is also displaced from the 
centre in the first EOF pattern, but in a northwest direction to occupy position between 
10°S to 15°S. An examination of the climatology of sea surface pressures for this 
region shows that these two centres coincide with the subtropical high pressure region 
in the case of the northern Pacific, and a local trough in the Indian ocean which is 
related to the ITCZ. We postulate here that the second pattern of the EOF is related to a 
quasi-biennial oscillation, perhaps of a global scale, but with the two centres acting in 
unison. By contrast the first EOF pattern shows a build-up (cooling) in the tropical 
Pacific (Indian ocean) in anticipation of the ENSO event. 
A positive centre located in the southeastern Indian Ocean and a negative centre in the 
southwestern Pacific are the main features of the third EOF pattern (10.3% of the total 
variance, see Figure 4.14a). The time series corresponding to this pattern (Figure 
4.14b) suggest an interannual oscillation mechanism as well as longer time scales. 
It is worth noting that all three E0Fs have produced centres of large-scale spatial 
coherence of SST in the Southeastern Indian Ocean near the region identified by 
Nicholls (1989) as an area where SST variations influence Australian rainfall. The time 
series suggests that positive anomalies develop in these two areas before April of 1985 
while negative anomalies develop after this date. The SST pattern after April 1985 
could be related to the lack of drought in Australia during the 1986-87 ENSO. 
According to Nicholls (1989) lower SST in the Southeastern and Central Indian Ocean 
is related to higher rainfall in parts of Australia. 
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4.5 Summary 
This chapter has investigated the spatial and temporal field of SST in the study region 
covering 40°S to 40°N and 70°E to the dateline, in preparation for a study of the 
influence of SST on convection processes. Previous studies (Graham and Barnett, 
1987; Steiner and Khalsa, 1987; Gutzler and Wood, 1989) have shown that an SST of 
about 28°C is a necessary but not sufficient condition for convection to occur. At 
higher temperatures, other processes dominate in the development of convection. 
If an isotherm of 28°C is accepted as the boundary for potential convection to develop, 
then it is possible to examine the mean SST climatology of the study region to provide a 
background for convection. An examination of Fig 4.2 reveals that on a annual mean 
basis there is a wide latitudinal band (15°N to 5°S in Indian ocean; 10°N to 15°S in the 
Pacific Ocean) where convection can potentially develop. On a seasonal basis there is a 
warm zone of SST greater than 28°C in the northern winter (Figure 4.3). A general 
feature is that this warm zone is larger in the Pacific than in the Indian Ocean. 
A number of studies (Weickmann, 1983; Lau and Chan, 1985; Meehl, 1987) have used 
OLR as a surrogate for convection and have examined the temporal scales of this 
process. They find that convection displays variability at scales ranging from weeks to 
years. It is clearly worth investigating whether SST varies at similar time scales. In 
this study a harmonic analysis has been used to analyze the annual and semiannual 
cycles. Spectral analyses, covering a wide range of frequencies has also been done. 
Finally EOF analysis have been done to observe the dominant spatial patterns and their 
temporal variability. 
The pattern for the annual amplitude and phase (Figure 4.7a) shows very small 
amplitudes in the equatorial region, but opposing phases in the Equatorial Pacific and 
Indian Oceans. The discontinuity in phase angle in the Malaysian-Papua New Guinea 
region serves to partition the effective areas of the Asian and Indian Monsoon systems. 
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No clearcut pattern can be derived between these oscillations and the mean OLR 
climatology from Meehl (1987). 
In contrast the semiannual pattern shows a good agreement, both in magnitude and 
phase with Meehl's OLR pattern. High amplitudes in the tropics are correlated with 
zones of high convection (Meehl, 1987), and high SSTs occur prior to the onset of 
maximum convection. Once convection starts the SST decreases in response to thellOss of 
heat in the upper layers of the ocean. Beyond a certain temperature convection stops 
and the ocean proceeds to warm again. Typical peaks of SST for the northern 
hemisphere occur in May and November. Beyond November the seasonal processes 
cool the ocean until warming occurs again the following spring. 
The results of the EOF analyses show a see-saw pattern of SST anomalies between the 
middle equatorial Pacific and the south eastern Indian Ocean. The time series 
corresponding to this pattern shows a linear interannual trend which is observed as a 
build up of positive SST anomaly in the western Pacific and negative anomaly in the 
eastern Indian Ocean. This pattern provides a background for the eastward shift of 
convection which is typical of ENSO events. 
No evidence was found to suggest that the 30-60 day oscillations in SST are 
significant. While there are obvious 30-60 days oscillations of the large-scale 
convection, one would suspect that a similar situation may exist in the fields of SST. 
The spectral analyses in this chapter do not support the hypothesis. Other factors such 
as wind and moisture may be responsible for the 30-60 day oscillations. This will be 
investigated in the next chapters. 
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Chapter 5. The Variability of Wind Field 
5.1 Introduction 
Wind forcing on the ocean is one of the most important processes in climate variability 
because it drives ocean currents, which modify the sea surface temperature, and it 
affects sensible and latent heat fluxes between the ocean and the atmosphere. While it 
is generally understood that the pattern of SST anomalies plays an important role in the 
development of large scale tropical convection, the non-linear relationship between SST 
and convection above a threshold temperature of about 27.5°C (Graham and Barnett, 
1987) suggests that other factors need to be considered. This consideration needs to be 
specially in focus in the western Pacific, where the global warm pool of oceans with 
mean sea surface temperature at about 29°C is located. 
Deep convection in the tropical atmosphere arises from a combination of dynamical and 
thermal processes. Dynamical convection occurs when surface wind converges (or 
upper level wind diverges) from its surrounding area; while thermal convection occurs 
when the air is locally heated and becomes warmer than its surroundings. Moisture 
contained in the ascending air releases latent heat at some stage, thus further enhancing 
convection. Sources of moisture may originate locally from evaporation at the ocean 
surface, or be transferred from other areas by wind. Over tropical areas, these 
processes are actively involved with the wind field, thus making it necessary to study 
the wind variability in order to fully understanil the convection process. In this Chapter 
a general description of the wind field during 1984-86 is presented to provide a 
background for the analysis of wind divergence and convection in Chapter 6. 
This chapter will address some questions concerning the wind field of the tropical 
eastern Indian and western Pacific Oceans. Firstly, are there any biases in the 
seasonally averaged wind field during 1984-86 compared to the long term climatology? 
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If so, do they have any special relationship to the onset of the 1986-87 ENSO event, or 
to the development of large scale convection in the equatorial western Pacific? 
Secondly, what are the main features of the wind field at different time scales, from 
interannual, annual, intraseasonal, or even shorter (to cover the westerly burst)? 
Thirdly, what are the most important processes in the wind field associated with the 
development of large scale convection? Is there a specific time interval, region or layer 
in the wind field associated with convection? 
A detailed description of the wind data and the methodology used in this chapter has 
been presented in Chapter 3. The data sets used in this chapter are the five-day running 
averages of wind velocities at 850 mb and 200 mb. Averages and standard deviations 
have been calculated for the four seasons as defined in Chapter 4 for the three years 
from 1984 to 1986. Wind divergences for the four seasons were calculated using the 
central finite difference approach. Harmonic analysis was then applied to derive 
parameters of annual and semiannual cycles. The band-pass (30-65 days) filtered wind 
data are then used to study the intraseasonal behaviour of the wind field. 
The organization of this chapter is as follows: In Section 5.2, the seasonal means of 
wind at 850 mb and 200 mb during the study period of 1984-86 are described to 
provide a background knowledge of the wind fields in the lower and middle 
troposphere. The annual and semiannual cycles depicted by harmonic analysis are 
discussed in Section 5.3. In Section 5.4, the intraseasonal variations by using 
bandpass-filtered (from 30-65 days) data is presented along longitudinal and latitudinal 
lines, respectively to examine spatial structure in the area between the mid-Indian Ocean 
to mid-Pacific. Longitude-time diagrams of these filtered wind data at different zonal 
bands are presented in Section 5.5. A summary and discussion will be given in the last 
section. 
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5.2 Seasonal means: 1984-86 
A complete set of plots of the 1984-86 seasonally averaged wind vector and the 
corresponding divergences at two layers, 850 mb (Figure 5.1) and 200 mb (Figure 
5.2), is presented in the discussion of the wind field. The averaged wind field is 
represented in vector format and the averaged divergence is denoted by contour lines. 
Divergences are calculated using three-point central finite differences. The unit of wind 
velocity is in ms-1 and the unit of divergence is 10 -6 sec -1 . For 850 mb (200 mb) 
divergence field, areas with value larger than 2 x 10 -6 sec -1 (4 x 10-6 sec -1 ) are shaded 
in red while areas with value less than -2 x 10 -6 (-4 x 10-6 sec -1 ) are shaded in green. 
The validation of the wind field has already been described in Chapter 3. 
5.2.1 850 mb wind field 
The Asian Winter Monsoon is the most striking feature during DJF (Figure 5.1a) at 850 
mb. In the northern 'hemisphere, north of 23°N, the northwest wind blows down 
from Siberia and becomes the westerly east of Japan. South of 23°N, the northeast 
trade merges with the northeast monsoon in the South China Sea. This branch of the 
monsoon becomes a westerly wind after passing the equator due to the Coriolis effect. 
In the 'southern hemisphere, the westerly Roaring Forties are dominant in mid-
latitudes, while the easterlies are dominant north of 30°S. A strong equatorward 
component of wind is observed in the eastern Indian Ocean. The zonal component of 
the northeast trade in the northern hemisphere is strong when the zonal component of 
the southeast trades in the southern hemisphere is weak. Such an out of phase 
relationship in the zonal wind field between the two hemispheres has been noted by 
Crowe (1951), and Wyrtld and Meyers (1976). The divergence field shows four areas 
of strong convergence in the tropical region: west of Java and Sumatra near 10°S and 
80°E, east of the Philippines, east of Papua New Guinea and along the northwest coast 
of Australia respectively. The first centre is associated with the ITCZ, 
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Figure 5.1 Three years (1984-86) seasonal means of wind and divergence at 850 mb. 
(a) December-January-February (DJF); (b) March-April-May (MAM); (c) June-
July-August (JJA); and (d) September-October-November (SON). The units of 
OLR are in Wm-2. Areas with divergence larger than 2x10 -6 sec- 1 are shaded 
red, less than-2x10 -6 sec- 1 are shaded in. green. 
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which is in the southern hemisphere in the Indian Ocean in this season. The second is 
in associated with decreasing speed along the trajectory of the core of the northeast 
Trades and may be associated with the ITCZ of the Pacific. The third one is at the 
eastern end of a belt of westerlies between 0°-10°S and is mainly associated with the 
SPCZ. The centre of divergence located west of Australia near 30°S, 105°E is the jet of 
the Australian Monsoon. Rasmusson and Carpenter (1982) also documented the two 
areas in the western Pacific and described this region as a feature of the ITCZ and the 
SPCZ. 
The Asian winter monsoon greatly reduces in strength and retreats northward during 
MAM (Figure 5.1b). The boundary between easterly and westerly winds in the north 
Pacific shifts northward near 30°N at the dateline and at 22.5°N near Taiwan. The 
convergent wind centre in the Indian Ocean shifts eastward from about 80°E to 85°E 
and decreases in intensity. The centre east of the Philippines weakens and moves 
southward to the Banda Sea while the one east of Papua New Guinea remains the 
same. 
The Asian Summer Monsoon reaches its peak during JJA and the Bay of Bengal is 
associated with a large scale convergence (Figure 5.1c). The boundary between the
easterly and westerly winds in the northern Pacific moves north to 35°N. A strong 
*easterly blows in the areas north of Australia nd near Papua New Guinea. The centre 
of convergence east of the Philippines now weakens and a new one develops in the 
South China Sea near 15°N at the eastern end of a belt of westerlies between 0°-20°N. 
Accompanied with this new convergence centre, there is a strong divergence centre in 
the Indo-China Peninsula. 
The climatological data presented by Rasmusson and Carpenter (1982) do not show the 
convergence in the South China Sea, and the divergence in the Indo-China Peninsula is 
only weakly developed. The stronger convergence in the South China Sea may be 
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associated with a stronger westerly component over the same area during this study 
period. 
The retreat of the Asian Summer Monsoon and the start of the Winter Monsoon are the 
main features in the SON map for northern hemisphere (Figure 5.1d). A convergent 
centre near the Philippines is stronger than the previous season, while the one east of 
Papua New Guinea weakens in strength. It should be noted that the large convergent 
area over the Bay of Bengal now disappears in this season and the convergent centre 
over the equatorial Indian Ocean expands slightly southeastward. 
As mentioned in Rasmusson and Carpenter (1982), unlike the northern kemisphere 
ITCZ, the SPCZ shows only small seasonal changes in position. Horel (1982) also 
noticed the weaker annual cycle in convergence near the SPCZ. This fact has been 
further confirmed in this study by observing the strength and positions of the three 
convergent centres. 
5.2.2 200 mb wind field 
The wind field at the 200 mb level is described in this section to provide background 
knowledge on the circulation in the upper troposphere, and therefore may provide some 
further insights into large scale convection which will be discussed in the next chapter. 
The main features of the annual variation of the wind field at 200 mb are the changes in 
the boundaries and strength of the equatorial easterlies, and the changes in the active 
centres of convection such as the ITCZ and the SPCZ (Figure 5.2). The areas of 
divergence larger than 4 x 10-6 sec -1 are shaded in red and less than -4 x 10 -6 sec-1 in 
green. The wind field at this level is more uniform than that at 850 mb. The wind field 
at lower level is more influenced by small scale and localized thermal and dynamical 
effects. In addition, the convergence field at 200 mb is complementary to that at 850 
mb. That is to say, at 850 mb, the equatorial zone is generally a zone of convergence 
and the higher latitudes are zones of divergence. By contrast, at 200 mb, the equatorial 
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areas are generally zones of divergence (corresponding to the large scale convection, 
i.e. ITCZ and SPCZ) and the higher latitudes are convergent. 
In DJF, while the easterlies are prevailing in the equatorial areas from 15°S to 15°N, the 
westerlies are prevailing at higher latitudes in the study region (Figure 5.2a). This 
distribution is similar to those of Sadler (1975) with data from the 1950s to 1973 and 
Arkin (1982) who studied the wind field from 1968 to 1979. This agreement confirms. 
the accuracy of the wind data and shows that the upper level circulation in DJF during 
the three years did not demonstrate any large bias from the long term average. The 
equatorial areas are divergent areas. In particular, two divergent centres are noted: one 
is located west of Sumatra and the other one east of Papua New Guinea near 170°E. 
In MAM, the easterly wind regime contracts to a narrower band encompassing latitudes 
10°N to 10°S. Furthermore the northern hemisphere westerly regime extends to the 
equator near the dateline (Figure 5.2b). Along with this shift, the ITCZ zone of 
divergence strengthens and shifts southward, especially near the dateline. The 
convergence centre previously located near 5°S now shifts southward to about 10°S 
near the dateline and extends to Sumatra. This may indicate that the merging areas of 
SPCZ and ITCZ shift westward. 
In JJA, the wind system in the northern hemisphere changes significantly from that of 
the previous season. The easterly wind expands near 25°N in the equatorial mid-Indian 
Ocean, but changes little east of 160°E (Figure 5.2c). Again, the distribution of the 
wind field is similar to that reported by Arkin (1982). It is noticed that the divergent 
band weakens and retreats back to west of 155 2E and shifts northward to near 15°N. At 
this time, a narrow convergent zone located near 10-15°S develops over the cooler 
water in the south Java upwelling zone during JJA. There was no significant 
convergent centre in that area during the previous two seasons. The upper level wind 
field shows a stream of air blowing from the divergent area off Mindanao to the 
convergence near 10 °S, and the surface wind (Figure 5.1c) is directed back toward 
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Molucca Sea suggesting the presence of a largely closed convection cell within the 
tropical region of Australasia. 
The wind field in SON is similar to that of JJA except that the easterly over the 
northeastern Indian Ocean is weaker (Figure 5.2d). The divergent centre just west of 
Indonesia strengthens and the divergent centre north of New Guinea expands. It is 
interesting to notice that while the divergent zone shifts southward near the Equator, the 
convergent zone near . 10-15°S has not changed significantly in either position or 
strength. This convergent zone is not obvious in the two Other seasons of DJF and 
MAM. The cause and implication of this feature will be discussed later. 
The comparison of the wind fields at 200 mb and 850 mb shows several interesting 
features. At the 850 mb level, the tropical areas from 30°S to 30°N are generally 
occupied by the easterlies (both southeast and northeast trades) in the Pacific Ocean. 
The southwest Asian monsoon disrupts the above simple pattern. At 200 mb, the 
easterlies are limited to the bands of 10°S to 10°N and the westerlies prevail at higher 
latitudes. In other words, within the equatorial zones, both lower and upper 
tropospheres are occupied by easterlies, except that in northern summer, the southwest 
Asian monsoon crosses the equatorial Indian Ocean. Between latitudes of 10° to 30° in 
both hemispheres, the wind directions at the two levels are generally opposite: the 
easterlies blow in the lower level and westerlies in the upper level. This scenario is 
different again in the northern summer when the southwest Asian Monsoon goes across 
the zone in the northern Indian Ocean between 10°N to 30°N. Beyond the latitudes of 
30° in both hemispheres, westerlies are prevalent. 
The comparison between the convergence fields of 200 mb and 850 mb shows some 
interesting features. Firstly, the convergence fields at the two levels are generally 
opposite in sign. In other words, a convergent zone in the lower troposphere 
corresponds to a divergent zone in the upper troposphere, and vice versa. This is 
especially obvious in tropical areas where the ITCZ and SPCZ are located. While this 
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inverse relationship is expected from dynamical considerations, its appearance in the 
calculated divergence fields is an exacting test of the quality of the wind data, and its 
appearance increases the confidence in the reality of the features that were described. 
Secondly, the intensity of the convergence field is weaker at lower levels than at the 
higher levels. At 850 mb, the areas of strong convergence ( > 4x10 -6 sec-1 )are much 
smaller than those at 200 mb, and are more randomly distributed. This is due to the 
fact that air density is not incorporated into the .calculation of divergence. The rarefied 
air aloft has to move faster to balance the inflow of denser air at the lower level. This 
also suggests that the lower level convergence is more influenced by local "heat spots" 
while the upper level convergence is more influenced by the large scale dynamics. 
Thirdly, as mentioned above, there is a strong 200 mb convergent zone north of 
Australia in JJA and SON. This zone is also reflected in the 850 mb divergent areas in 
the Coral Sea and north of Australia. 
The global Hadley cell circulation presented by Lockwood (1974) shows that air 
masses ascend over the equatorial area and then subside over the mid-latitudes. 
Therefore, the convergence zones near the 10°S exhibited in Figures 5.2c and 5.2d 
must be interpreted as "local" features. That is, both sources and sinks exist within the 
maritime north Australian / Indonesian area. It should be noticed that while the upper 
convergent zone (200 mb) is very distinct in its band shape during JJA and SON, the 
surface divergences at the two seasons do not have a coherent contiguous structure; 
rather they are scattered over a large area. The relationship between the convergent 
zone and the SST field in the Indonesian area will be expanded in the next chapter. 
5.3 Annual and semiannual cycles 
The seasonal description of the wind field has been presented in the previous section. 
To give a more compact description of the annual and semiannual cycles of wind field, 
harmonic analysis has been applied to the study area. A detailed description of 
harmonic analysis has been presented earlier in Chapter 3. The amplitudes and phases 
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of the annual cycles and semiannual cycles, and the variance contributed by the two 
cycles, for each of 850 mb and 200 mb are depicted in Figures 5.3 - 5.6, where the 
length of the arrow represents the amplitude of a cycle and the direction of the arrow 
represents the phase of a cycle. For the annual cycle, pointing to the east means the 
maximum of the cycle occurs on January 1st, pointing to the north April 1st, etc. For 
the semiannual cycle, pointing to the east means the maximum of the cycle occurs on 
January 1st and July 1st, pointing to the north February 16th and August 16th, etc. 
Contour lines superimposed on the maps are the percentages , of variance accounted by 
annual (or semiannual) cycle to the total variance derived from the five-day running 
average (sampled every second day). For annual (semiannual) cycles, areas with 
values larger than 20% (5%) are shaded in red. 
5.3.1. Annual cycle 
5.3.1.1. 850 mb wind field 
The amplitude of the annual cycle in both the zonal and meridional wind shows great 
spatial variation (Figure 5.3). The northern hemisphere has the largest amplitudes 
where the Asian monsoon is dominant. For zonal wind, an area larger than 4 ms-1 is 
located along the band covering 70°E to 150°E, and north of the Equator up to 20°N. 
The largest amplitudes of 8 ms -1 are centred near the Malaysian Peninsula (Figure 
5.3a). Gutzler and Harrison (1987) obtained similar results, but with much less island 
station data. The observed pattern is due to the Asian Summer and the Winter 
Monsoons in the area. Another high is located north of 25°N and east of Japan, where 
the strong Asian Winter Monsoon contributes the large annual variation. 
Close examination of phases of annual cycle shows some further features. It is clear 
that from the Equator to 15°N and eastward of the Philippines, the annual amplitude of 
the easterly winds decreases eastward and the timing of the maxima is gradually 
delayed. The annual cycle peaks in July in the Indian Ocean which corresponds to the 
strongest Indian Monsoon and in September near the dateline. In the Pacific Ocean 
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Figure 5.3 The amplitude, phase and percentage of contribution to the total variace of 
annual cycle of 850 mb wind field: (a) zonal component and (b) meridional 
component. Areas with the percentage larger than 20% are shaded in red. 
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north of 20°N, the westerly peaks in the northern winter from December to February, 
which coincides with the Asian winter monsoon. South of the equator, the area north 
of Australia has the largest annual amplitudes in tropical regions. The westerly in this 
area reaches its peak in January when the Australian Monsoon is strongest. Horel 
(1982) documented similar results using the zonal wind along the equator. In general, 
the amplitude of the annual cycles in the mid-latitudes in both hemispheres is very 
small, with the exception of the area east of Japan. This is especially evident south of 
40°S. This implies that either the wind systems in these areas are very stable or some 
other cycles with different frequencies are contributing more to the total variance. 
The areas with the largest annual amplitudes (the northern Indian Ocean and South 
China Sea and the area north of Australia) are generally consistent with the highest 
percentage contribution by the annual cycle. However, the contribution of the annual 
cycle is not very large east of Japan, since the total variance of the zonal wind 
component is relative high in this region. 
The meridional winds also show great spatial variation in their annual cycle (Figure 
5.3b). Three areas, all in the northern hemisphere, have maximum amplitudes larger 
than 3 ms-1 . One area is in the Bay of Bengal, the second is from the South China Sea 
and the third is in the western end of the Pacific Ocean from Korea to the east of the 
Philippines. These three areas are all strongly influenced by the Asian Monsoon. The 
southerlies in these three areas all reach their peaks in July, When the Asian Summer 
Monsoon is strongest. These are generally consistent with the zonal wind behaviour 
discussed previously that the westerlies over the Bay of Bengal and the South China 
Sea reach their annual maxima from July to August. However, there is one main 
difference over the area west of Japan. In this area, the meridional winds have larger 
annual variation while the zonal winds do not have a significant annual cycle. In fact, 
the zonal wind is not strong all year around. Figures 5.1a and 5.1c show that west of 
Japan, the northwesterlies are well developed in DJF, while the southerlies are well 
developed in JJA. As discussed before, the patterns of percentage of the variance 
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associated with the annual cycle are coherent with patterns of the annual amplitude. 
The areas with a contribution greater than 20% almost overlap the areas with amplitudes 
larger than 2 ms -1 . 
Horel (1982) noticed that the amplitude of the annual cycle in the meridional wind 
derived from ship observations from 1946 to 1976 is much larger than that of the zonal 
wind at the equator, particularly from 110°E to 170°E. For the wind field at 850 mb in 
this study, while this feature still exists the difference between the amplitudes of the 
two components is not as marked. This may suggest that the meridional wind at 850 
mb does not experience as large an annual cycle as that of the surface. 
5.3.1.2 200 mb wind field 
The 200 mb zonal pattern exhibits a typical wintertime strengthening of the westerlies. 
In the northern hemisphere this occurs during February at a latitude of 20-30°N (Figure 
5.4a). In the southern hemisphere the annual amplitudes are smaller and the 
strengthening occurs in August. The annual cycle of the westerlies in the northern 
hemisphere contributes more (about 30-50%) to the total variance than its equivalent in 
the southern hemisphere (only about 20-30%). The 200 mb meridional pattern is 
almost exclusively dominated by the northern hemisphere monsoon (Figure 5.4b). 
Larger amplitudes occupy a region from the east Indian Ocean (75°E) to the western 
Pacific (150°E) and from the equator to 30°N. The annual cycle in these areas account 
for more than 20% of the total variance. 
5.3.2. Semiannual cycles 
-5.3.2.1 850 mb wind field 
One of the main features of the semiannual cycle is that the amplitudes (of both zonal 
and meridional fields) are much smaller than the corresponding amplitudes for the 
annual cycle, except in equatorial areas (Figure 5.5). The ratio of the amplitude of the 
annual cycle to semiannual cycle is about 2-3 for the zonal wind, and reaches more than 
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5 for meridional wind, especially in the northern hemisphere. For the zonal component, 
maximum values are between 2 and 3 ms -1 at 850 mb (Figure 5.5a). These maximum 
amplitudes occur near the Indian subcontinent, Indochina area, Malaysia and 
northwestern Pacific, and their peaks occur in April and October, just before and after 
the summer monsoon. In terms of percent contribution to the total variance, these 
isolines correspond to regions greater than 5%. There is also a region over Indonesia 
with a greater than 5% contribution, although the amplitude is less than 2 ms -1 . 
High amplitude regions in the meridional component generally coincide with the areas 
with high amplitude zonal components (Figures 5.5b). It is interesting to see that on a 
percentage basis, there are regions that account for more than 9% in the Indian 
subcontinent. Very little pattern is seen in the timing of the amplitudes of the 
meridional component. 
5.3.2.2 200 mb wind field 
The zonal component of the semiannual cycle at 200 mb contains two high amplitude 
( > 6 ms-1 ) areas (Figure 5.6a). The first one is located east of Japan, while the second 
is located just west of north-west Australia. For most of the tropical regions, the timing 
of the maximum amplitude occurs in February and August 
It is interesting to note that the percentage cotitribution of the semiannual cycle (zonal 
component) is largest just south of the equator between 70°E and 150°E. The areas 
greater than 5% (shaded in Figure 5.6a) are extensive and cover a large contiguous 
area. The percentages are larger than 15% in the equatorial Indian Ocean from 10°S to 
20°S. This is in contrast to the fact that the percentage contribution by the annual cycle 
is smaller than 10% over the tropical area (Figure 5.4a), which implies that the 
semiannual cycle in this area is more dominant. Van Loon and Jenne (1969, 1970) 
have documented this semiannual cycle at 200 mb in the global scale and suggested that 
the oscillation is associated with second harmonics of opposite phase in the temperature 
above the equator and in subtropics. The detailed linkage between this semiannual 
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cycle of zonal wind to convection over the area has still not been well documented. 
By contrast the amplitudes of the meridional component in this area are all small (Figure 
5.6b), with the exception of an area near Japan where the amplitudes are greater than 3 
ms-1 and the contribution of the total variance is greater than 5%. 
5.4 Intraseasonal oscillations 
The following procedure was followed to examine the intraseasonal oscillations. In a 
harmonic analysis, the sum of all variances contributed by each harmonic component 
should equal the total variance for a particular location. Harmonic analysis was 
performed at each grid point for both the zonal and meridional component at 850 mb 
and 200 mb. The total powers in the bands of period 4-10 days, 10-30 days, 30-65 
days and 65-180 days were calculated. The final step involved taking a ratio between 
the power in a particular frequency band to the total variance. The results are presented 
in Figures 5.7 and 5.8. Areas with values greater than 20% are shaded in red and less 
than 10% in green. 
Oscillations in the frequency bands 4-10 days and 65-180 days are not presented since 
they rarely accounted for more than 10% of the total variance. The general observation 
may be made that in the 10-30 days oscillation, the southern hemisphere exhibits a 
larger percentage contribution than in the northern hemisphere (Figure 5.7). Values are 
typically greater than 20% in the mid latitudes, for both the zonal and meridional 
components at both the 850 mb and 200 mb level. This pattern is to be expected since 
in the northern hemisphere the annual cycle accounts for a large percentage of the total 
variance. As mentioned earlier, this is due to monsoonal and other continental effects. 
On the other hand, the meridional components of both 850 mb and 200 mb show larger 
percentage of contributions by the 10-30 days oscillation (Figures 5.7b and 5.7d). 
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At the other extreme, a region of low variance is noted from the Bay of Bengal to the 
Philippines and a trough of low variance extends eastward to the dateline, where it lies 
on the equator. Both the zonal and meridional component 850 mb map (Figures 5.7a 
and 5.7b) show this feature, whilst this minimum region in the 200 mb zonal 
component map (Figure 5.7c) has shifted by about 10 degrees northwards. This region 
features a strong semi-annual cycle as discussed in the previous section. 
Significant areas of high variability (greater than 20%) also exist in the zonal 
component at 850 mb in the subtropical southern Indian °dean and east of the Coral 
Sea (Figure 5.7a). The meridional component, both 850 mb and 200 mb, also exhibits 
a high variability in the north Pacific Ocean east of Japan. 
Contributions by 30-65 day oscillations are generally smaller than those by 10-30 day 
oscillations (Figure 5.8). Areas with contributions greater than 10% are shaded in red. 
The most outstanding feature in the 30-65 day oscillation of zonal wind at 850 mb is a 
ridge of maximum variance extending along the equator in the Indian Ocean and 
Indonesian region and deflecting southward into the southern hemisphere along the 
SPCZ (Figure 5.8a). The maximum variance in the Malaysian region suggests 
generation or amplification of variability with this time scale in this area. The pattern of 
the contribution by zonal wind at 200 mb is more uniform (Figure 5.8c), with a 
maximum over the Indonesian region. 
5.5 Longitude -time diagrams 
The longitude-time diagrams of zonal and meridional winds at both 850 mb and 200 mb 
levels for different zonal bands are examined. A 30-65 day bandpass filter has been 
applied to the wind data. The filtered data have been averaged over six zonal bands, 
where each band extends over 10 degrees of latitude. The zonal bands are as follows: 
20-30°S, 10-20°S, 0-10°S, 0-10°N, 10-20°N and 20-30°N. Only a small part of the 
longitude-time diagrams are presented in the following pages (Figures 5.9 - 5.12). 
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Figure 5.9 Time-longitude diagram of 30-65 day bandpass filtered Zonal 
wind at 850 mb in the bands of 20°P -30°S in 1984. 
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Figure 5.10 Time-longitude diagram of 30-65 day bandpass filtered zonal 
wind at 850 mb in the bands of 10°N-20 °N in 1984. 
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Figure 5.11 Time-longitude diagram of 30-65 day bandpass filtered zonal 
wind at 850 Mb in the bands of 20°N-30°N in 1985. 
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Figure 5.12 Time-longitude diagram of 30-65 day bandpass filtered zonal 
wind at 850 mb in the bands of 10°S-20°S in 1984. 
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While these diagrams confirm some results by earlier studies, a few outstanding 
features can be summarized as follows: 
1) Zonal anomalies usually propagate eastward from the eastern Indian Ocean to the 
western Pacific (Figure 5.9). It takes about 50 days for an anomaly to propagate from 
the mid-Indian Ocean to the dateline. 
2) During the northern summer and autumn, the zonal anomalies in the band of 10- 
20°N propagate from east to west (Figure 5.10) 
3) East of Indonesia, the extreme centre will usually propagate westward (Figure 5.11) 
while west of Indonesia, the extreme centre propagates eastward (Figure 5.12). 
5.6 Summary 
As mentioned earlier, the three year wind data set used in this chapter is too short to 
obtain reliable climatic statistics on indications of interannual variability. Nevertheless, 
on a qualitative basis at least, it is possible to note similarities in the seasonal means 
with other studies. Whilst the general features of the seasonal means (zonal and 
meridional components at 850 and 200 mb) are similar to long term climate studies, the 
zonal winds in the tropical Indian Ocean were found to be stronger in this data set. 
This feature might explain the stronger low leyel convergence east of New Guinea and 
in the tropical Indian Ocean. In addition, the convergence zone east of the Philippines 
was not replicated elsewhere (Rasmusson and Carpenter, 1982). It is important to keep 
in mind that the data sets used for comparison are not exactly similar since Rasmusson 
and Carpenter used surface observations as Opposed to the 850 mb data used in this 
study. 
The 200 mb divergence map reveals an interesting feature during the northern 
hemisphere summer and autumn (Figure 5.2c, 5.2d). The zones of convergence and 
divergence each occur along distinct contiguous zonal bands in the tropical regions. 
During these two seasons there is very little evidence of extratropical convergence and 
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divergence occurring. This feature suggests that the two zones (convergent and 
divergent zones) are intrinsically linked by an intertropical convection cell, although 
judging by their areas, they are not exactly balanced. 
By using harmonic analysis, this study has described the main features of the annual, 
semiannual, 30-65 day and 10-30 day oscillation in the wind field. The annual cycle 
exhibits a much stronger amplitude (both in the zonal and meridional components at the. 
two levels, Figure 5.3, 5.4) in the northern hemisphere than in the southern 
hemisphere, and this is very likely due to the dominance of the Asian Monsoon. In 
terms of the percentage contribution to the total variance of 5-day running average, 
values higher than 30 percent are reported in the monsoon region. 
By contrast, the contribution to the total variance by the semiannual cycle is much 
smaller, with the exception of the zonal wind at 200 mb (Figure 5.6a). In the southern 
tropical areas west of 150°E, the contribution by the semiannual cycle is greater than 
10%. Van Loon and Jenne (1969, 1970) observed a similar effect, and they argued 
that the semi-annual wind oscillation is induced by the semiannual temperature cycle, 
which in term is originated by latent heat release from convection. An examination of 
the seasonal convergence distribution (Figures 5.1, 5.2) does not indicate a strong 
semi-annual thermal wind effect. However, it is quite possible that a strong semi-
annual signal will emerge after removal of the annual signal. 
A strong intraseasonal 30-65 day oscillation (850 and 200 mb) is also observed in 
approximately the same area where the 200 mb semiannual cycles are distinctive. A 
high intraseasonal oscillation in OLR has also been reported in this area (Knutson et al., 
1986), which suggests that wind and convection are actively correlated at these time 
scales. 
At even shorter time scales (10-30 days) the contribution is large at higher latitudes (see 
Figures 5.7). This is to be expected since the annual semi-annual and intraseasonal 
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cycles are low in these regions. Rather, the wind field is dominated by synoptic mid-
latitude events of short duration. 
From the above discussion, it is evident that the annual, semiannual and intraseasonal 
wind fluctuations are all important to the convection process. The annual cycle 
describes the monsoon activity which is important in the Indian and southeast Asia 
region. Higher wind frequencies are also contributing to the convection process, 
although their contribution to the total variance is relatively smaller to the large yearly 
signal. By contrast both the semiannual and intraseasonal oscillations have a large 
contribution in the western equatorial Pacific and Indian Ocean. These two time scales 
in the wind field are intricately linked with convection processes as discussed above. 
In the next chapter the various parameters contributing to the convection process will be 
linked together to provide further insights into cause and effect relationships dealing 
with convection. 
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Chapter 6. The Variability of Convection 
6.1 Introduction 
Large scale, deep convection over tropical areas provides an effective means by which 
energy is transferred to the atmosphere (Ramage, 1968). When an air mass has been 
warmed, it will ascend until its temperature is the same as that of the surroundings. If 
saturation has occurred, the water vapour trapped in the air mass condenses and 
releases latent heat to the air. In order to form organized convection, a supply of 
continuous energy in a generally unstable environment is required. Sensible and latent 
heat fluxes from the Earth's surface are often considered as two major important energy 
sources. However the release of latent heat of condensation during convection is the 
most important energy transfer. 
Even though convection can not be observed very readily, precipitation is one of its 
significant results and is used as an index to measure large scale convection. It has been 
found that precipitation over Indonesia drops when ENSO events begin, and reaches its 
maximum negative anomaly at the peak time of ENSO events (Rasmusson and 
Carpenter, 1982). During this time rainfall in the central Pacific is exceptionally high. 
Over South America, severe rainfall in northern Peru has also been observed during 
this time (Horel and Cornejo-Garrido, 1986). 
OLR has been widely used as proxy data for convection in recent years (Heddinghaus 
and Krueger, 1981; Gill and Rasmusson, 1983; Gadgil et al., 1984; Meehl, 1987; 
Graham and Barnett, 1987; Liebmann, 1987; Weickmann and Khalsa, 1990). Low 
OLR values in the tropics are associated with convective cloudiness (Griffith et al., 
1978). Anomalously low OLR indicates either more than usual cloudiness within the 
grid box or more well-developed clouds than normal. Therefore, anomalously low 
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OLR is indicative of anomalous forcing of the atmosphere by radiation and latent 
heating. 
Many studies have examined the seasonal and interannual variation of the major 
convective cloud bands in the tropics. It has been shown that the intensive convective 
centres are mainly located over Africa, Central and South America, the western Pacific 
- Indonesian "Maritime Continent" region, northern Australia, and along the ITCZ and 
SPCZ (Heddinghaus and Krueger, 1981). The convective centres connected with the 
ITCZ and SPCZ move meridionally with the seasons, Or towards the summer 
hemisphere (Meehl, 1987). It has been documented that the interannual variation of 
convection is closely related to the development of ENSO events. By applying EOF 
analysis to the OLR data set during 1974 to 1978, Heddinghaus and Krueger (1981) 
found that the interannual variation associated with the development of the 1976-77 
ENSO event was dominated by a strong see-saw feature over the Indonesian region and 
the mid-Pacific. Gill and Rasmusson (1983) noted an eastward shift of OLR during 
the 1982-83 event. When the warm pool over the western Pacific migrated eastward, 
the convection centre moved eastward steadily. 
The details of annual variation of convection has some interesting features: By 
applying EOF analyses to the OLR data, Heddinghaus and Krueger (1981) showed that 
most of the annual variation is depicted by the first eigenvector which essentially 
represents a migration of the rainfall between the northern and southern hemispheres. 
The second EOF mode reveals that the northern ITCZ is best developed in the northern 
fall. The third mode shows a semiannual component and is essential for defining the 
Indian monsoon over the Indian Subcontinent: the convection is strong during spring 
and drops in summer, rises again in autumn and falls in winter. Meehl (1987) also 
noted that an area of intense convection moves seasonally from the northwest in the 
Indian summer monsoon to the southeast during the Australian monsoon. 
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A number of past studies of convection use both OLR and other data sets (Rasmusson 
and Carpenter, 1982; Liebmann, 1987; Meehl, 1987; Weickmann and Khalsa,1990). 
This study is one of the first to be conducted by considering the OLR, wind field, SST 
and precipitable water altogether. While Meehl (1987) documented the annual and 
interannual variations of convection over the area, he did not use wind data. Although 
Weickmann and Khalsa (1990) used the detailed wind, OLR and TOYS precipitable 
water to describe the onset of ENSO, they did not incorporate SST into their study. 
And, their data sets were mainly limited to only two months from November to 
December of 1981. By using the comprehensive data sets from 1984 to 1986, the 
following questions will be addressed in this chapter: 
Firstly, what are the main features of OLR during these three years compared with 
those earlier studies at different time scales? This will be discussed in Section 6.2. 
Secondly, whilst OLR provides dynamic evidence that convection is taking place, 
precipitable water in the low and middle troposphere provides information on potential 
areas of convection and hints at the sources of moisture for convection. The spatial 
feature and annual variation of precipitable water are therefore addressed in Section 6.3. 
In Section 6.4 estimates of convection will be linked to the main variables which 
comprise SST and the wind field. A conceptual model will be developed to examine 
the relationship between convection and these variables. The localized divergence cells 
of 200 mb wind field will also be discussed. 
The implications of the above results for other studies will be discussed in Section 6.5 , 
the conclusion section. 
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6.2 General features of OLR 
Three-month averaged OLRs for the period of 1984-86 are presented to give a general 
description of convection in this area (Figure 6.1). A value less than 220 Wm -2 has 
been widely regarded as being indicative of deep, tropical convection (Rasmusson and 
Carpenter, 1982). It should be pointed out that in MAM and DJF there are also large 
areas of OLR less than 220 Wm-2 which appear north of 30°N. These areas are partly 
caused by cold surface temperatures rather than being only related to large scale thick 
convective clouds. These features will not be further addressed in this thesis. 
The convective maximum has a distinctive annual variation. In JJA, it is located in its 
extreme west and north positions, north of 5°S and west of 150°E. The strongest 
convective centre (lower than 200 Wm -2) is located in the Bay of Bengal. This feature 
is consistent with the out-break of the Asian Summer Monsoon and the northward shift 
of the ITCZ. In SON, with the development of the Asian Winter Monsoon, the 
convective area weakens and retreats southeastward to the equatorial area from 85°E to 
165°E and from 10°S to 10°N. The strongest centre is now found in the Malaysian 
area. In DJF, the convective area strengthens again and moves further southeastward 
with the strongest centre now located in the area encompassed by the Malaysian 
Peninsula and Papua New Guinea. This convective pattern is a response to the 
development of the Australian Summer Monsoon. The season of MAM has the 
weakest convection, since the convective area contracts and weakens without an 
obvious shift of its centre. The above description of the seasonal features of OLR is 
very similar to the description by Meehl (1987), who used monthly averages of OLR 
for 8 years from 1974 to 1982. 
All 36 monthly maps of OLR covered in this study are in the Appendix. An 
examination of the individual months reveals some outstanding features not covered in 
c) d) 
F. 
s 
a) b) 
2 	2 	2 	2 	7 
2 	 7 	7 
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Figure 6.1 Three years (1984-86) seasonal means of OLR. (a) December-January-
February (DJF); (b) March-April-May (MAM); (c) June-July-August (JJA); and 
(d) September-October-November (SON). The units of OLR are in Wm-2. 
Areas with OLR less than 220 Wm-2 are shaded red. 
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the seasonal trends. It can be seen that the convection reaches its weakest intensity 
during May. In June the convection abruptly develops in the Bay of Bengal and 
quickly reaches its strongest intensity in July when it moves southeastward. It 
continues to move southeastward in September, gradually weakening until it reaches its 
second weakest season in November. The highly convective area is now located along 
the equator, from 80°E to 165°E, with a gap of "relatively clear sky" between Malaysia 
and Papua New Guinea over the Banda and Molucca Seas (Figure 6.2). The 
convection again gets stronger from December to February, reaching its most southeast 
position in February. From March to May, the convection again weakens and 
gradually moves northwestward back to the equatorial area north of Australia. 
An examination of the monthly patterns also reveals an eastward shift (about 100-200  
longitudes) from the three year mean of the convection centres during August to 
December 1986. This pattern follows the warm SST shift which was discussed in 
Chapter 4. This feature can be shown clearly on the longitude-time contour map of 
three years monthly OLR averaged in the bands of 5°N-15°N (Figure 6.3a) and 5°S-5°N 
(Figure 6.3b). In addition, it is interesting to note that convection as a whole in 1986 is 
much weaker than previous years. After the weak period of convection in May 1986, 
the convection did not fully develop as in 1984 and 1985. Rather, the dry areas 
expanded westward as far as 100°E and eastward as far as 150°E. From November 
1986, the convection quickly developed east of New Guinea and moved eastward to the 
dateline in December. This obvious shift forms a major feature of ENSO events during 
1986/87. It is interesting to note that there is relatively weak convection in the Banda 
Sea area during May in all three years (see Appendix). Especially in 1986 the weak 
convection appears to develop from this region. This observation seems to support the 
hypothesis that the Banda Sea region is linked to the development of drought in 
Australia (Nicholls, 1989). 
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Figure 6.3 Time-Longitude diagram of monthly mean OLR in the zones of 5°N to 
15°N (a) and 5°S to 5°N (b) for the period 1984-86. Units and shading are the 
same as those in Figure 6.1. Notice the eastward shift of the convection centre 
(a) in 1986 and the large "convection-free" area near 130°E from May 1986 to 
December 1986 (b). 
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6.3 Precipitable water 
While OLR provides important "dynamic evidence" of large scale convection, data on 
precipitable water is useful because it provides insight into sources and sinks of 
moisture flux. LLPW in the surface to 700 mb layer was obtained from the TOYS 
aboard the NOAA series of polar orbiting satellites. The determination of TOYS 
temperature and moisture profiles from radiances is described by Smith and Woolf 
(1976), Smith etal. (1979), and Hayden etal. (1981). Since the TOYS instruments do 
not measure precipitable water under completely cloudy conditions, the average LLPW 
has a dry bias in the presence of heavy convection. Comparisons of TOYS data with 
radiosonde observations were discussed by Gruber and Watkins (1982). They found 
RMS differences of about 5 mm precipitable water between TOVS-derived low-level 
moisture and co-located radiosonde observations over the continental United States. 
Khalsa (1986) and Steiner (1987) found similar results over the Pacific islands. 
Monthly LLPWs were calculated over the study region from January to December, 
1986. The four maps of January, April, July and October are shown in Figure 6.4. 
The shading represents moist areas, with LLPW > 35 mm. These shaded areas 
coincide well with the region of less than 220 Wm-2 in the OLR contour maps (Figure 
6.1). It is interesting to note that the moist area varies markedly in the region, with an 
obvious annual course similar to the OLR. Ili January the more moist area is located 
north of Australia, with a central core with LLPW greater than 40 mm in Papua New 
Guinea. February is considered the driest season (not shown) when the wet band is 
limited to a region eastward of 115°E and from the Equator to 15°S. This wet band 
expands northwestward in March and by April, it is located from 80°E to the dateline, 
with a 20° zonal band extending from 5°N to 15°S. The wettest season occurs in July 
(Figure 6.4c), when the Indian monsoon reaches its strongest intensity. The centre is 
located in the Indian Continent with a maximum core of over 45 mm. From August 
onward, the wet area moves southeastward and the humidity at the centre decreases. In 
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October (Figure 6.4d), the wet band is located over the equatorial area from 10°S to 
10°N. 
The agreement between the annual course of OLR and precipitable water suggests a 
strong relationship between the two. While SSTs of at least 27.5-28°C have been 
regarded as one necessary condition for deep convection, it is proposed here that the 35 
mm in LLPW is another "necessary" condition. Steiner (1985) obtained similar results. 
6.4 Comprehensive study of convection 
The analysis done so far is mainly limited to investigating the effects of individual 
variables related on convection. It is therefore interesting to examine and summarize 
the relationship among those variables whilst at the same time observing their spatial 
and temporal features. The spatial features will be discussed in section 6.4.1, while the 
temporal features will be discussed in section 6.4.2. A conceptual model of 
convection, related to SST in the 200 mb wind field will be developed in section 6.4.3. 
Finally some features of localized divergence cells at 200 mb wind field will be 
presented in section 6.4.4. 
6.4.1 Spatial features 
a) OLR vs SST 
It has been widely believed that OLR and SST are negatively correlated (Bjerknes, 
1969; Rowntree, 1972; Julian and Chervin, 1978). This is generally true for large 
scale global relationships. However, there is much scatter in the relationship, so that it 
might be statistically less significant over a smaller region covering a subset of the OLR 
and SST bands. Gadgil et al. (1984) and Graham and Barnett (1987) argued that SST 
above 28°C is a critical value for convection to develop, and that above this threshold, 
the relationship between the two variables is not obviously established. This study 
confirms this observation. As an example, the monthly OLR map for January 1984 
with its associated high SST centres is shown in Figure 6.5a. However, the following 
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comments are representative of most monthly maps. Firstly, the 28°C isotherm is 
located within an area encompassed by latitudes 20°N to 20°S for most of the year. It is 
also noticed that the deep convection denoted by 240 Wm -2 is generally within the 28°C 
contour lines and follows the annual course of SST. Secondly, while deep convection 
occurs in high SST areas, not all high SST areas generate convection (Figure 6.5a). 
This feature confirms that warm SST is only a necessary condition and not a sufficient 
condition to generate convection. Thirdly, convective centres do not generally overlap 
the areas of maximum SST, but instead are located west of the high SST centres. 
To show that this description is representative of convection centres and high SST 
centres during other months, indices of convection and warm SST centres were 
devised to represent the maxima as a function of longitude. The index of convection 
centre was calculated along longitude. At each 2.5° x 2.5° grid point the value 400- 
OLR is calculated. If this value is greater than 200, it is then indicative of deep 
convection and used for the index. Otherwise it is ignored and not used in the 
subsequent sum. Once this value is calculated for all the grid points, they are then 
summed between latitudes 30°N and 30°S and for a constant longitude. 
A similar procedure is followed in defining an index of SST centre. Values greater than 
29.5°C are registered in the 2.5° x 2.5° grid point and added between latitudes 30°N and 
30°S and for a constant longitude. As in the previous index, values less than the 
treshold value (29.5°C) are not used in the sum. 
Areas with convection index larger than 600 are shaded in red and SST index larger 
than 90 in green in Figure 6.5b. It can be seen clearly that maximum convection 
centres and maximum SST warm centres seldom overlap. Furthermore, there seems to 
be some differences in their temporal variation at different longitudes. West of 110°E, 
the SST maximum mainly occurs from April to May, just before convection starts to 
increase to the annual maxima from June to August. The SST warm centre then 
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Figure 6.5 	Monthly mean of OLR (Wm-2) in January 1984 (a). Areas with 
OLR value less than 240 Wm-2 are shaded in red. Areas with OLR 
value less than 200 Wm-2 are shaded in yellow. The blue lines 
superimposed compound the area of SST warmer than 28°C, and the 
areas with blue shading are of SST wanner than 29.5°C. Notice the 
"convection-free" area in the Caroline Sea. The time-longitude diagram 
of indices of convection and warm SST centres is in (b). Areas with 
value of index of convection centre larger than 800 are shaded in  red and 
areas with value of index of SST centre larger than 120 are shaded in 
green. See text for detail to calculate such indices. 
80 90 100 11 0 120 130 140 150 160 
70°E 
	
80 
	
90 
	
100 
	
110 	120 
8401 mill 	1 I I I 1(1111-fi 
2 — 	
ll 
800 
3 
4 	 /20 
5     J3S1.— 	 
	
— 	
60E+04 
9 — 
8  
10 — 
12 - 	 800. 
8501 
2 — 
3 
4 
5 
6 — 
7 
8 — 	 too. 
9 - 
10 = 
11 — 
12 
8601 
2 — 
3 — 
4 
5 
6 
7 - 
a — 
9 /— 
10 — 
11 
1 
70°E 
150 	160 	170 	I 80°E 
 8401 
— 2 
3 
4 
- 5 
- 6 
- 7 
- 8 
- 9 
- 10 
- 11 
— 	12 
— 8501 
— 2 
3 
- 4 
- 5 
- 6 
- 7 
- 8 
120. 	
- 	
9 
▪ 10 
11 
— 12 
— 8601 
2 
	— 3 
4 
5 
6 
7 
8 
9 
— 10 
11 
1? 
7 — 
180° E 
130 	140 
6 
170 
142 
Figure 6.5 (Continued). 
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disappears. In the region east of 110°E, the SST maxima occur east of, and before, 
maximum convection. The high SST centres shift eastward from April to the end of the 
year, and the convection centres follow the SST pattern. The difference between these 
two meridional bands therefore suggests that in the Indian Ocean, while SSTs provide a 
precursor for convection to develop and may initiate convection, other processes must 
contribute to the development of the convection maxima since the two indices do not 
overlap and show different orientations. It is likely that the wind convergence at lower 
level and divergence at higher level may play more important roles to maintain and 
accelerate convection. In contrast, in the area of Indonesia and eastward, the SSTs 
may play a more important role in initiating and controlling the convection centre. More 
specifically, the convection centres follow the high SST centres and are located west of 
them. The major events in the OLR-SST relationship indicated by Figure 6.5b can be 
seen in the original, monthly OLR and SST maps in the Appendix. 
b) OLR vs 200 mb divergence 
The relationship between mean monthly OLR and mean monthly 200 mb divergence is 
next examined. To illustrate the discussion, Figure 6.6 presents the pattern for January 
1984. As may be noticed, the areas of maximum convection (OLR <200 Win -2) 
encompass the zones of maximum 200 mb divergence. Furthermore although the OLR 
pattern is spatially coherent, the regions of maximum convergence appear as localized 
cells. This cell-like feature might be partly due to errors introduced by the finite 
difference method of estimating wind divergence. On the other hand, local cells of both 
wind divergence and OLR are often exhibited suggesting that the divergence calculation 
is realistic. 
6.4.2 Temporal features 
In the above sections OLR has been related to individual variables such as SST and 
LLPW. The analyses concentrated mostly on their spatial interrelation at various times 
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Figure 6.6 Monthly wind divergence at 200 mb in January 1984. Areas of 
divergence larger than 4x10 -6 sec-1 are shaded in red and areas less 
than -4 x10 -6 sec-1 in green. Contour interval is 4 x 10 -6  sec-1. 
Superimposed are OLRs during the same period with values less than 
200 Wm-2 (blue areas). Notice the agreement between these two 
fields. 
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Figure 6.7 Locations of six regions with some interesting features: the Bay of 
Bengal (BGL) exhibited semiannual cycles of SST; the southeast Indian 
Ocean (SEI) and the tropical mid-Pacific near the dateline (MPA) 
experienced a see-saw feature of SST during 1984-86; the 200 mb 
divergence centres in the Caroline Sea (CRL) and the convergence centres 
in the Arafura Sea (ARF) suggest localized circulation cells; and a relatively 
convection-free area in the Banda Sea (BND), which expanded dramatically 
from May 1986 onwards. Four shaded bins marked by 1 — 4 represent 
areas selected to construct the conceptual model discussed in Section 6.4.3 w 
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of the year. In this section the controlling factors of SST and the wind field will be 
integrated to gain further insight into thermal and dynamic processes behind 
convection. The analysis is done by selecting six regions which exhibit special features 
in previous chapters (see below for brief explanation), and by observing the temporal 
variation of each parameter. The data to be examined for each region includes OLR, 
SST, 200 mb divergence and the U and V components of the 200 mb wind fields. The 
regions are shown in Figure 6.7; they are: 1) the Bay of Bengal (BGL) which has 
obvious annual and semiannual cycles of SST and the OLR minimum (maximum 
convection), 2) the Southeast Indian Ocean (SET) and 3) the Mid-Pacific area (MPA) 
which indicated a see-saw feature of SST in 1984-86, 4), the Arafura Sea (ARF), and 
5), the Caroline Sea (CRL) which exhibited recurrent, localized cells in divergence at 
200 mb level. 
a) Bay of Bengal (BGL) 
The time series shows some interesting features including strong seasonal variation 
(Figure 6.8). The SST shows obvious semiannual cycles, with the annual maximum in 
April to May and the second relative maximum in October. The annual minimum 
occurs in January, with a relative minimum in July to August. The increase of SST 
from the annual minimum to the maximum value takes only three to four months. The 
convection (OLR), on the other hand, show A only an annual cycle. The strongest 
convection happens in June and the weakest convection in February to March. The 
sharp decrease of convection almost always happens when the SST is in its second 
minimum, then SST reaches a second maximum as convection collapses. These 
observations confirm that maximum convection does not always overlap the maximum 
SST in time. 
The above processes are interpreted as follows: in the first half of the annual cycle of 
convection, i.e. from its bottom to its peak, the SST is positively related to convection 
with a lead of one month. Once the convection reaches a certain intensity (around 220 
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Monthly OLR, MCSST and 200 mb divergence during 1984 - 86 
in the region of BGL. 	. 
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Figure 6.8 The time series of monthly MCSST, 200mb *wind divergence and OLR 
during 1984-86 in the region of BGL (a). Units are °C for MCSST, 10 -6 sec-1 
for divergence and Wm-2 for OLR. Also shown are the scatter maps of OLR vs 
divergence (b) and OLR vs MCSST (c). 
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decreasi na 
Wm-2), heavy clouds block the solar radiation 	the SST and converging winds 
develop at the sea surface so that the SST is cooling also partly due to evaporation. 
However, since the SST is still above its threshold temperature, with the support of 
wind convergence at the surface and divergence at 200 mb, the convection continues to 
develop and remains strong. Once the SST drops below its critical temperature (in July 
to August), the wind divergence alone (dynamic factor) is not able to support the 
convection, therefore it collapses rapidly. Since the solar radiation is still relatively 
strong and there is less cloud cover than previously, SST recovers slightly (about 0.5 
to 1°C), reaching its second maximum near October. The pattern of divergence aloft 
does not permit development of convection at this time. 
This analysis shows that neither the SST nor wind convergence at the surface are in 
themselves sufficient to generate and maintain deep convection. Instead this analysis 
points to the critical role played by the upper divergence field at 200 mb. Taking 1984 
as an example, it is noticed that in May the upper divergence increases as the convection 
develops. In September/October convection is low despite the SST being warmer than 
28°C. However, upper divergence is also low at this time. Alternatively in 
December/January, the upper divergence is high but the convection is low in response 
to low values of SST. 
It is obvious from this analysis, that the relatioriship between SST and convection is not 
as straightforward as proposed by earlier studies (Bjerknes, 1969; Rowntree, 1972; 
Julian and Chervin, 1978). They argued that high SST will result in enhanced surface 
evaporation, and thus provide the latent heat which would increase atmospheric 
instability. Through these dynamic processes, the high SST would enhance 
atmospheric convection. This theory has been modified by recent studies (Ramage, 
1977; Gill and Rasmusson, 1983; Gadgil et al., 1984; Graham and Barnett, 1987; 
Weare, 1987) who found that the SST-convection correlation breaks down above 27- 
28°C. The results from this study point to firstly the importance of upper level 
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Monthly OLR, MCSST and 200 mb divergence during 1984 - 86 
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Figure 6.9 As of Figure 6.8 except for the region of MPA. 
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divergence in maintaining convection; and secondly the continuing importance of SST 
in initiating and maintaining convection. 
b) The Mid-Pacific area (MPA) and the Southeast Indian Ocean (SET) 
The see-saw feature in SST between the mid-Pacific and the Southeast Indian Ocean 
has already been discussed in Chapter 4. Detailed monthly time series of SST, OLR 
and the 200 mb wind divergence are presented in this section (Figure 6.9 a). It may be 
noticed that all three time series in the mid-Pacific show increasing trends from 1984 to 
1986. For monthly SST, the annual maxima were 29°C in 1984, 29.5°C in 1985 and 
30°C in 1986. The 200 mb divergence in 1984 was very weak, less than 10 -6 sec- 1 , 
about 2x10 -6 sec- 1 in 1985, and reached values greater than 4x10 -6 sec-1 from 
September 1986 onward. The scatter diagram of OLR vs 200 mb wind divergence 
(Figure 6.9 b) shows a clear linear relationship between the two variables. However, 
while the warming trend of SST provides greater chances for convection to develop, 
the scatter map of OLR vs SST shows little evidence of a direct linear relationship 
between the two. Again, deep convection must be supported by upper level divergence 
in this region, as found in the Bay of Bengal. 
The scenario in the Southeast Indian Ocean is very different from that in the mid-Pacific 
(Figure 6.10a). The monthly SSTs in SEI are well below 26°C, so that the OLR are all 
above 240 Wm-2. That is to say, there is no significant convection. This relationship 
between OLR and convergence field is also not well established. While convergence 
varies from -3 to 5x10-6 sec-1, the OLRs only slightly varies around 260 Wm-2 (Figure 
6.10b). This poor relationship is due to the fart that OLR is no longer a good indicator 
of convection when OLR is greater than 250 Wm-2. 
The cooling process of the sea surface in the Indian Ocean is very obvious. The annual 
minima are 21.8°C in 1984, 21.3°C in 1985 and 20.5 °C in 1986. This is in contrast to 
the warming trend of SST in MPA. On the other hand, while the convection in the 
mid-Pacific increases with SST, the OLR in the Indian Ocean does not suggest a 
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significant local weakening of convection with lower SSTs. This is due to the fact that 
_ 
convection seldom occurs when SSTs are below 27.5C ( Graham and Barnett,(1987) 
c) The Arafura Sea (ARF) and the Caroline Sea (CRL) 
The annual cycles of convection, SST and 200 mb wind convergence in the Arafura sea 
are all in phase (Figure 6.11). They all reach their maxima around December-January, 
and their minima in July-August, following the solar movement. There is also some • 
warming of the SST in these three years. The December SSTs are 29.1°C in 1984, 
30.1°C in 1985 and above 30.5°C in 1986. On the other hand, convection does not 
show any obvious increasing trend. 
The situation in the Caroline Sea (Figure 6.12) shows that the annual cycles of these 
three variables are not as marked as those in the Arafura Sea. Nevertheless, the 
convection and 200 mb wind divergence reach their annual highs from June to 
September at the same time as these two variables in the Afafura Sea reach their annual 
low. This pattern suggests existence of a localized cell with convection over the 
Caroline Sea and subsidence over the Arafura Sea which will be further examined. in 
section 6.4.4. 
6.4.3 Conceptual Model 
An examination of the Bay of Bengal data has led to the development of a conceptual 
model of convection which highlights the relationship between SST, OLR and upper 
divergence. To examine the model further, four regions in the band from 7.5°N to 
20°N were selected. Each region represents aisector of 15° longitude by 12.5° latitude. 
To simplify matters, these regions have been selected in a narrow zonal band, therefore 
the annual course of solar radiation is the same in all regions. Similarly, the SST 
shows the same annual cycle. Data have been obtained by averaging the field of OLR, 
SST, and 200 mb and 850 mb wind divergence for each of these four regions on a 
monthly basis. Thus each field contains 36 values (3 years x 12 months). 
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1984 1985 1986 
Figure 6.11 Monthly OLR, MCSST and 200 mb divergence during 1984 - 86 
in the region of ARF. 
b) 
1984 1986 
Figure 6.12 Monthly OLR, MCSST and 200 mb divergence during 1984 - 86 
in the region of CRL. 
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Superimposed on the annual cycles is a secondary annual maximum and minimum. 
These features make it possible to classify five stages according to the behaviours of the 
SST. They are as follows: 
1) The SST warmer than 27.5°C to its annual maximum; 
2) From its annual maximum to its second minimum; 
3) From its second minimum to its second maximum; 
4) From its second maximum to a temperature equal to or warmer than 27.5°C; 
5) Cooler than 27.5°C. 
The scatter map of monthly SST and OLR for the four areas are shown in Figure 
6.13a. It is very clear that below 27.5°C, convection seldom occurs. Once SST is 
warmer than 27.5°C, SST and OLR do not show any obvious relationship. This is 
- 
similar to the observation by Graham and Barliett (1987). However, these data can be 
partitioned into the various convectiOn 'stages as described above. To illustrate the 
process better, only the mean and the standard deviation (in SST and convection) 
during the five stages are plotted in the diagram (Figure 6.13b). In addition, to enhance 
the understanding of the temporal features of these five stages, the mean values and 
standard deviations of monthly differences fibril adjacent months are also shown in 
Figure 6.13c. To highlight the features at different stages, a composite cycle of 
convection is constructed. The averaged values of OLR, SST, wind divergences of 
both 200 mb and 850 mb levels at the end of each stage are calculated and presented in 
Figure 6.13b. The composite is a representation of 12 convection cycles (3 years times 
4 regions). Areas with values of OLR larger than 240 Wm -2 (and SST cooler than 
27.5°C and negative divergence) are shaded to indicate nonsensitive values to strong 
convection. Examining this diagram with the OLR/SST comparison (Figure 6.13 a, b, 
and c), the following important features of the five stages can be described: 
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Figure 6.13 Scatter map of monthly OLR vs SST in 1984-86 (a). The mean values of 
SST and OLR in the five convection stages (denoted by number, see context for 
detail) are plotted while the corresponding standard deviations are represented by 
error bars (b). The mean values and standard deviations of monthly differences 
from adjacent months are shown in (c). Using (b) and (c), the five convection 
stages are clearly featured. A composite annual cycles related to the five stages 
of convection is in (d). See context for the construction of the composit cycle. 
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(I) Initial stage: SST exceeds 27.5°C and deep convection starts to occur but is not well 
developed. The average SST is 28.7°C and the OLR is 244 Wm -2. Since the wind 
divergence aloft is not strong enough, convection does not always occur. At the end of 
the initial stage, the SST reaches its annual maximum, averaged at 29.2°C, while the 
averaged OLR is only 233 Wm -2 (Figure 6.13d). The whole stage usually occurs from 
April to May and lasts for 2.3 months. 
(II)Fully developed stage: The 200 mb wind divergence increases rapidly at the end of 
the initial stage from 1.5 x 10 -6 sec -1 to 6 x 10 -6 sec -1 . This process intensifies the 
convection and it reaches its strongest intensity (OLR, 198 Wm -2 ). On average, the 
SST in stage 2 decreased slightly, but the convection has increased in the mean to 205 
Wm-2. Due to blocking of solar radiation by heavy clouds and evaporative cooling by 
convergent wind at the surface (Meyers et al., 1986) the SST decreases. At the end of 
this period, the SST reaches its second annual minimum, averaged at 28.45°C, and the 
average OLR is 198 Wm-2. More interestingly, it is noticed that most annual maxima 
of convection happen at the time when SSTs reach their second annual minima. The 
averaged annual minimum OLR is 194 Wm -2 , not significantly different from the 
averaged OLR (198 Wm -2) at the time of the SST second annual minimum. This 
second stage of convection usually occurs from June to August, lasting about 2.5 
months at average. This stage points to the importance of cloud blocking in lowering 
the SSTs and the role of the upper divergence in maintaining the convection. 
(III) Weakening stage: Convection starts to weaken once the SST has reached its 
relative minimum. Due to a lessening cloud cover and an increase in solar radiation, the 
SST warms up slightly. The averaged warming rate is 0.15°C per month while OLR 
increases at 11 Wm-2 per month (Figure 6.13c). At the end of this stage, the averaged 
SST is 28.81°C, about 0.4°C warmer than its previous relative low and the average 
OLR is 225 Wm-2. 
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(IV) Collapsing stage: This is a relatively short period with an average duration of 1.3 
months occurring around November. Since the solar radiation decreases and the Asian 
Winter Monsoon develops, the SST decreases at a rate of -0.45° per month. The OLR, 
on the other hand, continues its previous increasing trend at the rate of 7 Wm -2 . 
(V) Idle stage: The SST is now below 27.5°C. Convection is not very active at this 
stage. The averaged OLR is about 250 Wm-2. This stage is relatively long (about 3.6 
months) lasting from December to March. 
From the above analysis, it can be seen that the relationship between convection and 
SST is quite complex. While warmer SST (greater than 27.5°C) is a necessary 
condition for convection, it is not a sufficient condition for convection to develop. 
There is an interesting feed-back mechanism 'between the two variables which play 
different roles at different stages. It is also noticed that the minimum OLR (maximum 
convection) is in agreement with the second annual minimum of SST. This is in 
contrast to the usual perception that minimum OLR would coincide with the maximum 
SST. 
There are a few interesting features in the composite convection cycle. Firstly, most of 
the variables show annual cycles, especially for the OLR and 200 mb wind divergence. 
These two variables show very good agreement both in the amplitude of the variation 
and in the phase. On the other hand, while the wind divergence at 850 mb level does 
show generally good agreement with OLR, these two variables are not as well linearly 
correlated in stage II and III. This suggests that while the 850 mb wind field is 
important in initiating the convection, the 200 nib wind field may play a more dominant 
role in the whole convection process. 
Secondly, while the annual cycle dominates the SST variation, there is a superimposed 
second annual maximum and minimum. This might be partly due to the solar 
movement passing the region twice a year. However, the timing of the second 
minimum is in August when the solar zenith at noon should be close to zero. 
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Therefore, the explanation to this minimum by the solar movement is far from 
satisfactory. Evaporative cooling by the strongest surface winds (Meyers et al., 1986) 
and cloud blocking of solar radiation are likely explanations for preventing any further 
increases in the SSTs. 
Thirdly, in contrast to 200 mb wind divergence, the SST does not keep in phase with 
OLR variations very well. However, close examination finds that there is a tendency • 
for SST to lead the OLR in the initiating, collapsing and idle stages. This suggests that 
SST is very important in providing a "warm background" and in generating an initial 
forcing (or instability) for large scale convection. After the initial development of the 
convection, the dynamics of the atmosphere (especially at higher level, e.g. 200 mb 
wind divergence) are more important in accelerating and maintaining convection. 
Again, a falling SST will initiate and lead to the collapse of convection. 
Finally, the 200 mb and 850 mb divergences are well timed and opposite in phase. 
This certainly supports the accuracy of the calculation of divergence. It is also expected 
from the dynamical point of view. 
6.4.4 Local circular cells related to ITCZ and SPCZ 
6.4.4.1 General features of localized cells 
As discussed in the Chapter 5, a narrow zone of subsidence at 200 mb level occurs 
north of Australia during the southern winter and spring. Close examination of the 
monthly wind divergence field has revealed some further evidence of these localized 
convergence centres. There is a tendency for pairing in the divergence and convergence 
cells at the 200 mb wind field. An examination of the 200 mb wind divergence field 
reveals that this cell-like behaviour is a feature of both the ITCZ and the SPCZ. In this 
section various characteristics of these cells are presented and related to other variables. 
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Given the nature of the cells, a strict set of guidelines must be followed if meaningful 
data is to be derived. In the rest of this section, both convergence and divergence 
centres refer exclusively to the 200 mb wind field. 
a) Firstly the analysis is restricted to tropical regions bounded by latitudes 20°S and 
20°N. In the case of the Tasman Sea, the latitude limit is expanded to 30°S poleward to 
include centres related to the SPCZ. Within this region only convergence and 
divergence centres greater than a threshold of ±4x10-6 sec- 1 are considered in the 
analysis. 
b) An examination of the regions of convergence and divergence over the 36 months 
• indicated that there are preferred regions where these cells are located. This 
consideration has led to the partitioning of three regions along a zonal band. These are: 
the mid-Indian Ocean (70°E-100°E), the Banda Sea (100°E - 145°E) and the Coral Sea 
(145°E - 180°E). Figure 6.14 shows a typical distribution of these cells. 
c) In some cases a divergence centre was not accompanied by a convergence centre in 
the same region. Data under these conditions were not included in the analysis. 
However it must be pointed out that this condition represented only a small fraction of 
the total number of cases (5%). 
d) In the case that more than two divergence (or convergence) centres exist in one 
region as denoted by b), only the pair with the largest intensity and smallest separation 
are considered. Again these conditions existed in only a small percentage of the total 
cases (17%). 
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MONTHLY WIND DIVEROENCB AT 203MB (0410) 
Figure 6.14 Example of localized circulation cells in the equatorial Indian Ocean, the 
Banda Sea, and the Coral Sea shown on monthly 200 mb wind divergence map. 
Areas shaded in red denote upper level divergence centre (>4 x10 -6 sec-1), and 
areas in green denote convergence centres (< -4 x10 -6 sec- 1 ). 
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Following these rules, three sets of the parameters related to both convergence and 
divergence centres in all of these three regions were measured to provide a basic data 
set. The intensity is determined by the value of the central contour lines. The basic unit 
of area is a 2.5 degree by 2.5 degree bin that the ±4x10 -6 sec-1 contour line occupies. 
The area size of the both the convergence or divergence centres are therefore measured 
by the number of bins and divided into five categories: very small (VS, 5-14 bins), 
small (S, 15-34 bins), medium (M, 35-54 bins), large (L, 55-85 bins ) and very large• 
(VL, more than 85 bins). 
The distance between paired cells, gradient of divergence between the paired cells and 
the orientation of the convergent centres related to its paired divergent centre were 
calculated in the analysis. Since these paired cells are all located near the Equator, the 
spatial distance covered by 10 latitude or 10 longitude differ only by a few percent (at the 
equator one degree equals 110 km). For simplicity in the calculation, distances are 
therefore calculated in units of "degrees", irregardless of whether they are latitudinal or 
longitudinal degrees. Gradients of paired cells are calculated in terms of difference 
between intensities of divergent and convergent cells (in units of 10 -6 sec- 1 ) divided by 
distance in degrees. The orientation is measured clockwise starting from 00 when the 
convergence centre is located north of the corresponding divergence centre. 
The frequency distribution of divergence gradients (Figure 6.15a) shows that a majority 
of the gradients occur between the values of 0.5x10 -6 sec- 1 degree-1 to lx10-6 sec- 1 
degree-1. Furthermore, all three regions exhibit the same behaviours. In terms of 
distance, the peaks in the cells are between 10-19 degrees (Figure 6.15b). This 
distance is considerably smaller than the maximum distance scale (>35 degrees) of each 
of the subregions. 
Figure 6.15c shows that there is a preferred orientation in the location of the 
convergence centres. In most cases they are located in a south to southwest sector 
relative to the divergence centres. This orientation, in the absence of a Coriolis force 
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Figure 6.15 Frequency distributions of gradients of divergence in units of 10 -6 sec- 1 
degree-1 (a); distance in degrees (b); and orientation (c) related to localized cells 
in the three regions: the mid-Indian Ocean, the Banda Sea and the Coral Sea. 
The orientation (ranged from 00 to 360°) is measured clockwise starting from 00 
when the convergence centre is located north of the corresponding divergence 
centre. 
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close to the equator, implies that surface southwesterly winds play an important role in 
maintaining these cells. 
6.4.4.2 Interannual features 
The gradients of divergence cells in the three study regions will be further discussed in 
this section, focusing on their interannual features. The time series of these gradients 
are smoothed using a 3-months running average. 
a) The mid-Indian Ocean. 
There is a strong peak in the time series of gradient in the mid-Indian Ocean (Figure 
6.16a). The background value seems to be less than lx10 -6 sec- 1 degree- 1 . From the 
end of 1985 to the beginning of 1986, the values increased markedly and ranged from 
1.5 to 2.5,. Checking the contour maps for the corresponding period (see Appendix), 
it was observed that there was a very strong and stable divergence centre existing at 
95°E near the Equator (see Figure 6.14). This is a very interesting feature considering 
that this centre exhibited a seasonal shift from 10°S in the southern summer to 10°N in 
the southern winter in the time period previous to this. An examination of the SST and 
OLR fields failed to show any obvious anomalies during the same time period. During 
this time of the year the SST is above 28°C and the OLR is usually below 220 Wm -2 . 
Although it would be expected that the anoMalously strong convection should be 
observed at this time in the area, a close look at the time series of OLR in this region did 
not confirm the expectation. It is therefore possible that below a certain value of OLR, 
the relationship between OLR and the 200 mb divergence field is no longer linear (see 
Figure 6.8). 
b) Banda Sea 
The time series of the gradients in divergence in Banda Sea area has not shown any 
anomalous features except a peak near the end of 1986 (Figure 6.17a). An examination 
of the original data set demonstrated that this peak resulted from an abnormal pair of 
2 
15 
05 
G
ra
di
en
t  o
f d
iv
er
ge
nc
e  
10 'scc 'Idcgrcel 
25 
165 
•■••■■■• 
Figure 6.16 Time series of 3-month running average of gradient of divergence in units 
of 10-6 sec-1 degree-1 in the mid-Indian Ocean. 
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Figure 6.17 The same as Figure 6.16 except for the Banda Sea area (a). The monthly 
zonal wind at the 850 mb in the same area is shown in (b) and the OLR is shown 
in (c). Notice the weakening trend of easterly in m/s in (b) and the intensifying 
trend of OLR in Wm-2 in (c). 
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cells in October 1986. This feature will not be further discussed since it occurred only 
in one month. 
A detailed examination of the wind field in this region has revealed that there is a strong 
buildup of westerlies at 850 mb in the three year period (Figure 6.17b). Convection in 
this area, represented by OLR, shows a weakening trend (Figure 6.17c). This is 
consistent with our knowledge that prior and during ENSO events, the convection • 
centre moves eastward . from Indonesia to the the mid-Pacific. Applying this concept to 
the time series, it is not surprising to see that convection in the Banda sea area weakens 
prior to the 1986 ENSO event. 
c) Coral Sea 
The time series of gradient of divergence in the Coral Sea shows a relatively high value 
in the middle of 1986 (Figure 6.18a). The wind fields, at the 200 mb and 850 mb 
levels, both show temporal trends. The southerly at 850 mb increases its strength 
gradually in the three years, especially in 1986 (Figure 6.18b). This time series reaches 
its peak in June 1986, approximately one month after the peak in the gradients of the 
divergence field. These two graphs suggest that the two paired centres were aligned in 
a meridional fashion and intensified in May/June 1986. A similar observation of 
increasing southerly wind component as a precursor to an ENSO event has been 
reported by Meyers et al. (1986). At the same time, the northerly at 200 mb increases 
towards the end 1986 (Figure 6.18c). At this time the convection centre in the Coral 
Sea area moved towards the dateline and therefore decreased the magnitude of the 
gradient, since the two centres were now further apart. However, whilst the gradients 
decrease, the intensity of the convection increased and this largely explains the 
increasing northerly component wind at 200 mb. 
This intensified circulation is therefore represented well by the gradient of divergence in 
this region. On the other hand, it is also well represented by the convection in this area. 
Figure 6.18d shows a clearly increasing trend of convection in the mid-Pacific near the 
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dateline at the onset of the 1986/87 ENSO event. This observation is consistent with 
the results described in section 6.2 and by other ENSO studies (Rasmusson and 
Carpenter, 1982). 
6.5 Summary 
To give a comprehensive summary of this chapter, several important features of 
convection will be presented here. 
a) Convection shows marked annual seasonal variation. Just before the out-break of 
the Indian Monsoon during May, convection in the tropical areas reaches its annual 
minimum. From June to July, the convection near the Bay of Bengal sharply increases 
to its annual maximum with a centre located along the 15°N zone. It then expands 
eastward to the south China sea and the western Pacific in August. From September 
onwards, the slightly contracting and weakening central convection zone moves 
southeastward to the north of Australia. It reaches its most eastward location in 
February and March with the centre located near 10°S. Convection then starts to 
dissipate while moving northwestward. Its weakest season is around May, when the 
centre is located near the Equator. These observations are very similar to those reported 
by Meehl (1987). 
b) Several studies have shown that SST near 27.5-28°C is a threshold for the 
development of convection, this result is further confirmed in this study. In addition, 
it has been found that the value of 35 mm of low level precipitable water also covers the 
areas which exhibit large scale convection. This implies that the 35 mm low level 
precipitable water (surface to 700 mb) may also be a "necessary" condition for the 
development of convection. 
c) The detailed examination of convection in the Bay of Bengal has initiated a 
conceptual model regarding the relationship between OLR, SST and 200 mb wind 
divergence field. The annual course of OLR can be divided into five stages, according 
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to the behaviour of SST. In the initial stage the SST increases from its threshold of 
27.5°C to its annual maximum. While SSTs increase, the convection also intensifies. 
However, since the wind divergence at 200 mb is still not very strong, the convection 
has not reached its annual maximum although the SST reaches its maximum at the end 
of this stage. 
In the fully developed stage, the SST drops slightly down due to heavy clouds and . 
evapot.ativeccoling. However, with the s4ott of wind divergetre at 2CA mb and convergpnce at 850mb , 
convection continues to intensify and reaches its annual maximum when SSTs reach 
their annual second minimum. In the weakening stage, after the relative minimum of 
SST, convection starts to decrease and the SST increases to a second maximum 
slightly. The collapsing stage occurs as the SST reduces once again, following the 
southward shift of solar radiation. The convection, along with the wind divergence, is 
also weakening. In the idle stage the SST drops below the threshold of 27.5°C and 
there is no longer any strong convection. 
The classification of convection into various stages clarifies the relationship between 
SST, OLR and divergence, even above the 27.5°C SST threshold. An important result 
of this work is that the annual maximum of convection coincides not with the annual 
maximum of SST, but with the second annual minimum. The locations of convection 
centres generally follow that of high SST centres, with a lag about 1-2 months. In the 
area eastward from Indonesia, at a specific time, the convection centres are generally 
located west of high SST centres. In addition, the wind divergence at upper levels in 
the Indian Ocean (associated with the Indian Summer Monsoon) may play more 
important roles in accelerating and maintaining convection than that in the western 
Pacific (associated with the Australian Monsoon). This is in turn may due to the fact 
that the Indian Monsoon is much stronger than the Australian Monsoon. 
d) The localized divergence cells are also analysed to provide some further spatial 
structure of convection. There is a tendency for paired cells of convergence and 
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divergence centres to exist in preferred areas and with preferred relative orientations. 
The convergence centres tend to be located south to southwest of its corresponding 
divergence centre. This implies the presence of some southerly or southwesterly 
surface inflow into the convergence centre (i.e. convection centre). This inflow is 
obviously important in maintaining these cells. 
Several interesting features were observed in the convection field as a precursor to the 
1986/87 ENSO event. The SST rose towards the end of 1986 in the equatorial region 
near the dateline. This same region also experienced a deorease in OLR (increased 
convection) at the same time. A region of relatively high OLR (low convection) 
gradually expanded in the Banda Sea area from May 1986 onward and did not decrease 
as would have been expected from the data in previous years. Accompanying this 
feature, an anomalously strong southerly wind at 850 mb also occurred in the Coral Sea 
area, reaching a peak in July 1986. This confirms the observation by Harrison (1984) 
that prior to the 1982-83 ENSO event, there was a very strong southerly anomaly in the 
Tasman Sea area. Following this feature a strong 200 mb northerly wind occurs and 
reaches its maximum at the end of 1986. It is suggested here that these processes 
heralded the arrival of an ENSO event. 
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Chapter 7. Summary and Discussion 
A series of comprehensive data sets including SST, wind, OLR and precipitable water 
during 1984-86 have been used and analysed in this study. Their results have been 
summarized in the previous corresponding chapters. Some important conclusions and 
related discussions are addressed in this chapter. 
7.1 Interesting features revealed in this study 
1. Operational MCSST data provides regular and informative SST measurements for 
meteorological and oceanographic studies. The comparisons have indicated an RMSD 
of about 0.7 °C for daily values and 0.5°C for monthly values. These satellite-derived 
SST measurements can generally detect the real variation of SST, and thus can be used 
to monitor the field of sea surface temperature. They are quite appropriate for 
calculating the monthly average values in combination with ship-of-opportunity data, 
and provide reasonably good estimates for short time-scales of weeks to months. 
2. The ATRA wind analysis provide very useful data to monitor wind variations for the 
study area. Comparisons of wind data from the ATRA analysis to the ground-truth 
data show the former is highly representative of real variations. The spatial coherences 
between 200 mb wind divergence, 850 mb wind convergence and OLR have further 
confirmed the validity of ATRA wind analysis from the dynamical perspective. It 
should be noted, however, that predicted directions of surface wind in the ATRA 
analysis may be seriously in error in coastal tegions and when wind speeds are small 
(<4 ms -1 ), but are usually within 10° of the measured value when wind speeds are 
high. 
3. The annual cycle of SST shows very small amplitudes in equatorial regions, but the 
phase are in opposition. The discontinuity in phase angle in the Malaysian-Papua New 
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Guinea region serves to partition the areas influenced by the Asian Winter Monsoon, 
and the Indian and Australian Monsoon systems. 
The results of the EOF analyses indicate a see-saw in the SST anomalies between the 
middle equatorial Pacific and the eastern Indian Ocean. The time series corresponding 
to this pattern shows a linear interannual trend which is observed as a build-up of 
positive SST anomalies in the western Pacific and negative SST anomalies in the 
eastern Indian Ocean. The intensified convection has also been shown following the 
increasing of SST in the tropical area near the dateline. 
4. The analysis of the three-year wind data set has shown similar seasonal means to 
those found in earlier studies. Generally speaking, the seasonal means of the zonal and 
meridional wind components at 850 and 200 mb are similar to long term climate 
studies, although the zonal winds in the tropical Indian Ocean were noted to be stronger 
in this data set. This feature might also explain the stronger low level convergence east 
of New Guinea and in the tropical Indian Ocean obtained in this study. In addition, the 
convergence zone east of the Philippines has not been reported by other studies, for 
example, that of Rasmusson and Carpenter (1982). It is however, important to keep in 
mind that the data sets used in the comparison are not identical since Rasmusson and 
Carpenter used surface observations as opposed to the 850 mb data used in this study. 
Harmonic analysis techniques were applied to analyse the annual, semi-annual, 30-65 
day and 10-30 day cycles. A strong annual cycle was found in the northern 
hemisphere, with maxima being obtained in the monsoon region. The contribution to 
the total variance by the semiannual cycle is inuch smaller, with the exception of the 
zonal wind at 200 mb. A strong amplitude is obtained with the 30-65 day oscillation, 
in good agreement with earlier studies relating wind and OLR at this frequency. 
However, some interesting features have also been found in the propagation of the 
intraseasonal oscillations of the zonal wind. These propagation features need to be 
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studied in more detail. At shorter time scales (10-30 days) a strong mid-latitude signal 
was found, which is clearly related to synoptic events. 
5. The following features of convection were documented: 
a) Convection in the study area shows a marked seasonal variation. It reaches its 
annual minimum just before the out-break of the Indian Monsoon during May. An 
annual maximum is reached near the Bay of Bengal during June to July. It then 
expands eastward to the South China Sea and the western Pacific in August. From 
September onwards, the slightly contracting and weakening central convection zone 
moves southeastward to the north of Australia. It reaches its most eastward location in 
February and March with the centre located near 10°S. Convection then starts to 
dissipate and become weakest around May, when the centre is located near the Equator. 
The annual course is very similar to those reported by Meehl (1987.1 
b) The results obtained here confirm that SST near 27.5-28°C is a threshold which 
must be exceeded for convection to develop. It has also been found that large scale 
convection develops only within areas with LLPW values greater than 35 mm. This 
implies that this level of precipitable water vapour may also be a "necessary" condition 
for the development of convection. 
c) A conceptual model of convection has been presented to examine the relationship 
between OLR, SST and wind divergence fields at 200 mb and 850 mb levels, based on 
a zonal band along the Bay of Bengal (Figure 6.7). The annual course of SST can be 
divided into five stages, when convection shows different responses (the initiating, 
fully developing, weakening, collapsing and idle stages). With this classification of 
convection, the relationships among the variables are much clear, even above the 
27.5°C SST threshold. This model suggests that while SST is important in providing a 
"warm background" and in initiating convection, the upper level wind divergence is 
more important in accelerating and maintaining convection. It also explains why the 
annual maximum of convection does not coincide with the annual maximum of SST, 
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but instead with the second annual minimum. The model has also suggested possible 
effects of evaporation and cloud blocking of solar radiation to the cooling of sea 
surface. 
By examining the spatial patterns of SST and OLR, it has been noticed that the 
locations of convection centres generally follow those of high SST centres, with a lag 
of about 1-2 months; and in the area eastward from Indonesia, at a specific time, the 
convection centres are generally located west of warm SST centres. 
d) The localized divergence cells at 200 mb level are also analysed to document the 
spatial structure of convection. There is a tendency for paired cells of convergence and 
divergence to exist in preferred areas with preferred relative orientations. The 
convergence centres tend to locate south to southwest of their corresponding divergence 
centres. This implies that at the surface, there are some southerly or southwesterly 
inflow into the surface convergence centre (i.e. the convection centre). This inflow is 
obviously important in maintaining these cells. 
e) A few precursors to the 1986/87 ENSO event have been documented in this study. 
The sea surface warmed up gradually towards the end of 1986 in the equatorial region 
near the dateline, along with a gradual intensification of convection. A region of 
relatively weak convection gradually expanded in the Banda Sea area from May 1986 
onward. An anomalously strong southerly wind at 850 mb developed in the Coral Sea 
area and reached a peak in July 1986. At 200 mb level, a strong northerly wind 
occurred which reached its maximum at the end of 1986. All of these anomalies 
described here suggested arrival of an ENSO vent. 
7.2 Discussions 
There are a few areas which need to be further addressed in future studies. 
1. This study has not looked deeply into the short-term variations (less than a month) 
of SST, wind and other convection-related processes. Even though many past studies 
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have focused on the short term variations of individual variables, like wind and OLR 
(Knutson and Weickmann, 1987), only a few recent studies have examined 
simultaneously a number of variables (Steiner and Ithalsa, 1987; Weickmann and 
Khalsa, 1990). It is expected that by simultaneous examination of these variables, 
especially by incorporating the daily (or weekly) OLR data and upper level wind field, 
some subtle connections between them will be further revealed. This study established 
a climatological background for further study of the short term variation. 
2. It has been shown that wind divergences and OLR are linearly correlated on a 
monthly basis. By using daily or weekly OLR data, some further insights into the 
temporal relationship between these two fields should be revealed. It would be 
interesting to see if wind divergences do play a controlling role during the fully 
developed, weakening and collapsing stages of convection as in the conceptual model. 
Cross-spectral analysis will help to reveal their temporal relationships. 
3. The conceptual model suggests an effective link between evaporation and cloud 
blocking of solar radiation and cooling of sea surface. It would be interesting to 
incorporate estimates of air/sea heat fluxes, like latent heat flux and incoming solar 
radiation, in future studies. Further, insights into the sources and mechanisms of 
convection would be gained by calculating the horizontal water vapour transfer using 
wind and precipitable water data. 
4. This study mainly focuses on the convection process in tropical areas, and the 
conceptual model is built on the analysis of SST, wind and OLR in the tropical region 
near 10°N. It would be interesting to study ;how these variables interact over other 
tropical areas. It is also important to see whether the dynamics of convection suggested 
by the conceptual model can be found over other areas. In addition, it would be 
interesting to study how convection over tropical areas relate to extra-tropical systems. 
5. The data used in this study covers the period of 1984-86, lying between the 1982/83 
ENSO and the 1986/87 ENSO events. To gain a fuller understanding of the 
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convection process and the modifications which occur during ENSO events, it would 
be necessary to extend the study period to 1988. 
I 
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APPENDIX 
Monthly Mean of Sea Surface Temperature, Outgoing 
Longwave Radiation,Wind Divergences at 200 mb and 850 mb 
in 1984-86 
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